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ABSTRACT 
The ftsYEX operon of Escherichia coli historically has been described as a cluster of 
essential cell division genes. Filamentation temperature-sensitive (fis) designates a class of 
mutants that displays normal cell morphology at the permissive temperature of 30°C, but 
filaments and dies at the restrictive temperature of 42°C. The first gene, ftsY, is known to 
encode an essential component of a protein localization system first described in eukaryotes, 
the signal recognition particle (SRP) pathway. The function of the following genes, ftsE and 
ftsX, are much less understood. It has been shown that FtsE and FtsX comprise a two-
component ATP-binding cassette (ABC) transporter, but the substrate is unknown. 
Constructing a null mutant of ftsE, I have demonstrated that ftsE is not an essential gene, 
although viability depends upon the concentration of NaCl or other compounds in the growth 
medium. In the characterization of this ftsE::kan\ mutant, it was found that several 
predominant proteins were missing in this mutant when compared to wild-type protein 
profiles. Contrary to previous speculation, we have shown that the cell division septation 
machinery appears to be intact in this ftsE null mutant and it remains capable of forming 
septa. Regulation of the ftsYEX operon was investigated with the use of gene fusions. We 
have also constructed a plasmid shuffling system for the isolation of new mutants to further 
study the function of this operon. E. coli strains exhibiting a salt-dependent, temperature-
sensitive phenotype were also identified and investigated. This dissertation summarizes the 
scientific characterization of the ftsYEX operon of £ coli. 
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CHAPTER 1. 
INTRODUCTION 
GENERAL INTRODUCTION 
In the 1940's, the emerging science of bacterial genetics provided the means to 
experiment and make observations about life at a level barely conceivable except to a handful 
of rare thinkers. Bacterial geneticists of this era gave us our first glimpse beyond the 
microscope into the world of DNA where genes are the codes for directing the functions of 
life. With the simplest of tools, they demonstrated these codes were mutable on 
quantitatively rare occasions and certain of these mutations created easily observable changes 
in the organism. 
Information gathered over the years using the tools of bacterial genetics, 
supplemented by various biochemical and molecular techniques, has consistently added to 
our knowledge of the function of biology at the atomic level. The advent of quick and 
accurate sequencing of genomes has supplied researchers with volumes of genetic coding 
information. However, the ultimate understanding of the molecular biology of a cell comes 
from the knowledge of the function of these genes. While the genetics of Escherichia coli 
are arguably the most studied of any organism, currently the functions of only about half of 
this bacterium's approximately 4,300 genes are known. The advancement of our 
understanding of the biology of £. coli ultimately lends understanding to the biology of all 
organisms. 
One of the most interesting aspects of biology is the study of cell membranes. 
Membranes in prokaryotes provide compartmentalization of functions and lend structure to 
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the unicellular organism. Composed of phospholipids, these bilayers are boundaries between 
"in" and "out", presenting a selective barrier to the potential harm of an external environment 
while remaining permeable to the elements essential for life also present in that environment. 
New membranes must be generated during the process of cell division. 
While membranes seem to provide a simple solution to a biological problem, the 
underlying complexity of the function of these membranes is great E. coli, a Gram-negative 
rod-shaped bacterium, has evolved a myriad of mechanisms to allow nutrients and other vital 
compounds into the compartments of the cell, export metabolic wastes and secretions into the 
environment, and localize extracytoplasmic proteins to their appointed functional 
destinations. All of this import, export, and localization of a vast diversity of compounds 
takes place through barriers evolved to separate the innermost cytoplasm and outer 
periplasmic space from each other and ultimately both from the outside environment. 
Proteins encoded and manufactured in the cytoplasm of E. coli have various 
destinations within and outside of the cell. As DNA is faithfully transcribed into messenger 
RNA and translated by ribosomes into proteins, so is the final product destined to a particular 
locale. Proteins are synthesized in the cytoplasm and many are retained in that compartment, 
while other proteins are targeted to the inner membrane (cytoplasmic membrane), are 
exported into the periplasm, localized to the outer membrane, or are secreted into the 
environment (Figure 1-1). The inner membrane contains approximately 200 proteins 
constituting about 70% of the mass, which may reflect the diverse and specialized functions 
of this membrane (37). The outer membrane includes about 50 proteins in its composition. 
The space between the inner and outer membranes, the periplasmic space, holds about 50 
proteins in a gel-like matrix and is the site of nutrient acquisition, large molecule 
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degradation, and detoxification of harmful compounds (37). The inner membrane, periplasm, 
and outer membrane comprise the cell envelope and collectively contain roughly 25% of all 
bacterial proteins (6). 
E. colV s main pathway of protein export to the cell envelope is the well-studied 
general secretory pathway or Sec system, which moves proteins from their cytoplasmic 
birthplace across the inner membrane into the periplasm of the cell. In this system a nascent 
polypeptide is escorted by cytoplasmic chaperones, such as SecB, to the site of membrane 
translocation where the protein is transferred to a membrane-bound protein complex, the 
translocon, which is required for membrane translocation. The purpose of these chaperones 
is to maintain proteins in an unfolded, translocation-efficient conformation. Proteins are 
directed to this pathway of protein export by an amino-terminal extension, the signal 
sequence, present on the exported protein. 
Figure 1-1. Gram-negative cell. Proteins synthesized by ribosomes (A) in the cytoplasm can 
remain in the cytoplasm (B), the site of the bacterial chromosome (C), insert into the inner 
membrane (D), be exported into the periplasm (E), insert into the outer membrane (F) or be 
secreted into the environment (G). 
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In a flurry of papers published in 1982 and 1983 (21,22,36,53-57), GOnter Blobel 
and his colleagues described a eukaryotic system in which a signal sequence, or "zip code", 
of a nascent polypeptide is recognized by a ribonucleic particle and escorted to a receptor or 
docking protein. The targeted protein would then be exported across the membrane of the 
endoplasmic reticulum into the lumen to continue its journey to the Golgi apparatus and 
beyond. For his insights into signal recognition particle (SRP)-mediated protein transport, 
Dr. Blobel was awarded the Nobel Prize in physiology or medicine in 1999. 
With the aid of the DNA sequence of entire genomes, it became apparent £. coli 
shares similar genes with many higher organisms. Additional similarities between 
eukaryotes and prokaryotes were also noted in the protein export machinery components. 
For example, the SRP is more complex in eukaryotes, but £. coli retains a 54 kD protein and 
a 4.5S RNA that comprise a prokaryotic SRP, encoded by the ffh and ffs genes respectively. 
In higher organisms the SRP receptor, or docking protein, is a two-subunit complex. £. coli 
has a homologue, FtsY, to the eukaryotic SRa (Table 1-1). An £. coli SRP has not been 
found. 
Table 1-1. £. coli signal recognition particle (SRP) components and the eukaryotic SRP 
homologues. Ffh is the protein component of the £. coli SRP homologous to the eukaryotic 
SRP54, which is one of six proteins comprising the eukaryotic SRP. Accordingly, 7S RNA 
is larger than the 4.5S RNA species in £. coli. In eukaryotes, the docking protein, or 
receptor for the SRP is a two-subunit protein, SRa and SR0. As far as is known, £. coli only 
possesses a homologue to the SRa. 
E. COLI SRP 
COMPONENTS 
EUKARYOTIC SRP 
COMPONENTS 
Ffh SRP54 
4.5S RNA 7SRNA 
FtsY SRa 
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Thought to function much the same way in £ coli, the SRP binds the emerging 
polypeptide, possibly causing translational arrest, and the entire complex is targeted to the 
inner membrane transiocon, the same most likely shared with the Sec system. In a process 
not yet detailed, but known to require the reciprocal OTP hydrolysis of the Ffh and FtsY 
components, the nascent polypeptide/ribosome complex is transferred to the inner membrane 
complex. The exact mechanisms and the participating components of this pathway are still 
under investigation and open to discussion. Currently, evidence now seems to lean toward 
the function of the £ coli SRP pathway to be involved in the insertion of polytopic inner 
membrane proteins (Figure 1-2). 
protein 
cytoplasm 
periplasm 
Figure 1-2. Model for SRP-mediated protein translocation into/across the inner membrane. 
Proteins are translated from mRNA to protein by ribosomes (A). Nascent proteins destined 
to the cell envelope complex with the SRP (B), composed of Ffli and 4.5S RNA, and are 
targeted to the putative docking protein, FtsY (C). Ffli and FtsY interact at the inner face of 
the inner membrane and in a OTP-dependent manner the nascent protein is released from the 
SRP. It is thought that the SRP and Sec systems share a common transiocon (D) composed 
of the membrane-spanning Sec YEG and the associated SecDF that aids in the translocation 
of the protein. Recently, another component, YidC (E), has been shown to aid in the 
targeting of proteins to the inner membrane. 
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Interestingly, ft s Y lies in an operon with two other genes, ftsE and ftsX, at 76-minutes 
on the E. coli map (Figure 1-3). Although the arrangement offtsY,ftsE, and ftsX in an 
operon does not mean they participate in similar cellular process, their coordinated gene 
expression may point to related function. Also homologues offtsY,ftsE, and ftsX are found 
in diverse organisms from humans to bacteria. However, ftsE and ftsX are only linked to 
putative weak 
operator Lex-box \ z 
B 
ribosome 
binding 
sites 
1.5 kb 0.7 kb 
translational 
stop 
codons 
1.1 kb 
binding 
54 IcD 
dimer 
formation 
site 
binding binding 
24 IcD 36 kD 
Figure 1-3. The ftsYEX operon of E. coli. The DNA (A) comprising this operon encodes 
various putative features, including two promoters resulting in two mRNA transcripts (B). 
One polycistronic message contains all three genes transcribed from the Py promoter and 
another shorter transcript resulting from the PE promoter contains mRNA offtsE and ftsX. 
The message is translated into three proteins, FtsY, FtsE, and FtsE (C). Kilobases = kb. 
Kilodaltons = kD. 
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ft s Y in two bacteria, E. coli and Haemophilus influenzae, further making assignment of 
common function tenuous. 
Historically, the ftsYEX operon has been presumed to be a cell division operon based 
on the filamentation phenotype of mutants. Specifically, mutations in ftsE and ftsX can 
result in the/llamentation temperature-sensitive phenotype (fis) first observed in cell 
division genes (Figure 1-4). Growth of mutants displaying the fis phenotype is relatively 
normal at the permissive growth temperature of 30°C, but cells filament and die at the 
higher restrictive growth temperature of 42°C. However, direct roles for these genes have 
never been established and understanding their functions became more complicated when a 
protein localization function was postulated for ftsY. All three genes have been reported to 
be essential for viability. This work has primarily focused on the second gene of the ftsYEX 
operon, ftsE. It is a story that begins with an unusual salt-remedial filamentation phenotype 
Figure 1-4. Filamentation temperature-sensitive (fis) phenotype. Filamented cells of 
ftsE::kanl null mutant, RG60, with wild-type MG1655 cells shown in inset at 400X 
magnification, differential-interference-contrast image, Nomarski microscopy. 
8 
and leads to a pleiotropy implicating in cell division, transport, and cytoplasmic 
homeostasis. 
DISSERTATION ORGANIZATION 
This dissertation begins with a review of the current body of knowledge about the 
ftsYEX operon of Escherichia coli in general, and proceeds to the research contributions by 
this author to this body. The literature review primarily describes the reported research about 
ftsE and ftsX in chronological order. Chapter 2 presents the construction and characterization 
of the fisEv.kan\ null mutant, RG60. A plasmid shuffling system facilitating the isolation of 
rare mutants in E. coli is described in Chapter 3. Chapter 4 embodies studies addressing the 
cell division defect of RG60 with special attention to the state of the septation machinery in 
this mutant. The preliminary characterization of an ftsX cold-sensitive mutant is presented in 
Chapter 5. Chapter 6 contains general conclusions about the research described in this 
dissertation. Additionally, the appendices include a report of a previously unknown salt-
dependent, temperature-sensitivity phenotype in commonly used £. coli strains (Appendix 
A), a study of the genetic regulation of the ftsYEX operon (Appendix B), a preliminary 
survey of the carbon, nitrogen, phosphorus and sulfur metabolism of RG60 (Appendix C), 
and a compiled list and description of known fis YEX mutants (Appendix D). 
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LITERATURE REVIEW 
A TIMELINE OF RESEARCH BEGINS WITH INVESTIGATORS AT THE INSTITUT 
PASTEUR 
Filamentation temperature-sensitive E. coli mutants were first described by the 
Matthieu Ricard and Yukinori Hirota at the Institut Pasteur in Paris in the late I960's in an 
endeavor to isolate and characterize conditional thermosensitive mutants "defective in cell 
septation" in their investigation of cell division in £. coli (43). Curiously, the filamentation 
phenotype of some of these mutants was reversed by the addition ofNaCl to the growth 
medium. In 1973, Ricard and Hirota published several more papers addressing the 
phenomenon of filamentous thermosensitive mutants and the effects of salt upon these 
mutants (42,44). In examining a large number of E. coli mutants, these scientists 
investigated the ability of a number of salts and other compounds, including sucrose, 
glycerol, and glucose, to restore these fts mutants to the "phenotype sauvage" or wild-type 
cell morphology (42). 
The phenomenon of salt suppression is highly variable as seen with the ftsE mutants 
MFT99, MFT1181, and MFT123. MFT1181 was not restored to wild-type cell morphology 
with the addition of NaCl, but MFT99 and MFT123 were corrected with the addition of 0.3% 
and 0.7% NaCl respectively (42). Of the cell division mutants generated in their study, 15% 
were rescued by NaCl alone, 13% by sucrose alone, 37 % by a combination of salt and sugar, 
while 33% were rescued by neither (42). This suppression of the fts phenotype was thought 
to be the result of the action of these compounds directly upon the mutant protein (42). 
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In the early 1970's, Ricard and Hirota reported the rescue of other fts mutants of E. 
coli by the addition of NaCl. Towards the end of this decade it was reported that 
temperature-sensitive histidine (hisTS) mutants of Salmonella enterica serovar Typhimurium 
were rescued by the addition of salts (30). ICohno and Roth looked at the effects of the 
following salts on these mutants; sodium chloride, lithium chloride, ammonium chloride, 
cesium chloride, ammonium sulfate, potassium chloride, manganese chloride, magnesium 
chloride, sodium sulfate, and sodium acetate using 0.2 M concentrations of monovalent ions 
and 0.08-0.1 M for divalent ions at the restrictive growth temperature of 42°C. For all his™ 
mutants, the addition of NaCl to the growth medium restored viability at the restrictive 
temperature, while nonelectrolytes such as sucrose and glycerol did not (30). 
All temperature-sensitive and cold-sensitive his mutants have been found to be salt-
correctable and the phenomenon is observed in all types of proteins (30). Kohno and Roth 
concluded that the salt-correctability of his mutants was due to the direct electrolyte effects 
on mutant proteins themselves, and were not attributed to secondary osmotic pressure effects 
(30). By way of explanation, they suggested several possibilities such as a case in which the 
mutant protein is membrane-bound and can only function if the membrane is 
conformational^ altered by high salt or the possibility that higher salt concentrations altered 
the mutant protein itself making it functional (30). Other possible explanations provided 
were that higher salt concentration altered the translational machinery causing suppression 
due to the misreading of the original mutation or that salt reduced the mutant protein's 
sensitivity to degradation or that protease activity was inhibited (30). 
Note that all of the above explanations involved the effects of salt and the presence 
of a mutant protein. In the case of a null mutation, however, there is no protein product. 
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Several of Kohno and Roth's explanations may also be applicable in such a case. They 
suggested a scenario in which the mutant protein may not be required at higher salt 
concentrations or that higher salt compensated for a membrane defect caused by the null 
mutation (30). 
Further characterization of ftsE was reported by Ricard and Hirota in a second paper 
also published in 1973. Here it was shown that ftsE did not require new protein synthesis to 
resume cell division at 30°C after one hour incubation at 41°C (44). A mutant offtsA 
behaved likewise, while other cell division mutants ftsC,ftsF and ftsG mutants could not 
recover at all. They also reported that none of the mutants, includingyfaJE, were sensitive to 
deoxycholate. Penicillin G at low concentrations is known to block cell division, induce 
filamentation, and at higher concentrations cell wall synthesis is inhibited and cells lyse. The 
Ricard and Hirota ftsE mutant was found not to be more resistant to Penicillin G than the 
parental strain (44). 
The introduction of recA into these mutants had no affect on filament formation at 
41°C. The majority of these fts mutants resumed normal division at 41°C when more NaCl 
was added to the growth medium (44). In the case of the three ftsE mutants; one was rescued 
at 0.3%, one at 0.7% and one was not rescued by salt (44). None of the Ricard and Hirota fts 
mutants showed defective murein hydrolase activity. Taken together with the data described 
above, Ricard and Hirota suggested that the defect in their ftsE mutant was not in the 
mechanisms of murein synthesis (44). 
This early work made many important observations about the nature of fts mutants, 
perhaps most significantly reporting the effect of salts on these mutants, including,/?»£. This 
phenomenon went largely ignored until recently (see Chapter 2). Similarly, a cold-sensitive 
12 
(CS) conditional mutation of ftsE was mentioned in a few papers in the 1980 s but not again 
until recently. The original description of this mutant is reviewed below and further 
investigation of the putative ftsÉ^ mutant is presented in Chapter 5. 
A PUTATIVE COLD-SENSITIVE MUTANT OF FTSE 
A paper published in 1978 by Sturgeon and Ingram reported the isolation of fifteen 
low-temperature conditional cell division mutants of E. coli (47). While previous 
temperature-sensitive mutants had been generated by chemical mutagenesis, these cold-
sensitive mutants were made by UV radiation and therefore were expected to reveal other 
loci important in cell division. These low-temperature mutants formed filaments at 30°C, but 
exhibited a "coordinated burst" of division forming short rods at the permissive temperature 
of 39°C (47). Nuclear staining revealed regularly spaced nucleoids throughout the filaments 
(grown at 30°C), which often contained one or two septa. Sucrose (10%) was effective in 
restoring growth to two of the CS mutants (47). 
The state of the bacterial cell envelope was assessed by its sensitivity to 
deoxycholate. Five strains, including JS10, were unable to form colonies on L-agar plates 
containing 0.25% deoxycholate at either temperature (47). However, neither JS10 nor its 
parent strain was sensitive to other compounds known to challenge membranes, actinomycin 
D and lysozyme. JS10, however, was more sensitive than its parental strain to a number of 
antibiotics (47). Later analysis of revertants, i.e., no filamentation at the restrictive 
temperature, showed them to be as insensitive to antibiotics as the parent strain, while the 
sensitivity to deoxycholate persisted. The investigators concluded the cell envelope defect 
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and filamentation were the result of two distinct "lesions" and the revertants were the result 
of a restoration of cell division, but not the integrity of the cell envelope(47). 
Colonies of JS10, especially at the restrictive temperature, leaked the periplastic 
enzyme, ribonuclease I, as assessed by agar diffusion assays, but not alkaline phosphatase 
(47). These results taken with those above led the investigators to conclude the mutation 
present in JS10 affected the integrity of the cell envelope (47). These assays may vary in 
sensitivity to each enzyme, but seem to have been regularly used at this time to characterize 
mutants. 
DNA and RNA synthesis were found to be normal in JS10 at both the restrictive and 
permissive temperatures (47). Further assessment of macromolecular synthesis revealed 
JS10 required about 12 minutes of new DNA synthesis and 36 to 44 minutes of new protein 
synthesis without new RNA synthesis to divide at the permissive temperature. Experiments 
using penicillin G revealed that cell division is blocked at a point before murein synthesis 
(47). 
In addition to mapping the mutation to between 74 and 79 minutes on the E. coli 
chromosome, the authors suggested the locus to be ftsE based on the phenotypic similarities 
to Ricard and Hirota's ftsE mutants, such as multinucleate filaments devoid of septa and the 
normalcy of the DNA and RNA synthesis. They explained the difference of requirement for 
new protein for division to occur in JS10, but not in the TS mutants as possibly due to 
background strain differences (47). They also pointed out the sensitivity of JS10 to 
deoxycholate, which is not seen in the Ricard and Hirota strains. Admitting 
complementation studies were needed to solve the identity of the mutation in JS10, Sturgeon 
and Ingram discussed the problem of finding an effective, intermediate temperature to assess 
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growth or to explore the phenotypic rescue of the ftsE strains, MT99 and MT123 (47). 
Further explanantion of this mutant is described in Chapter 5. 
IMPORTANT WORK ON FTSE IN THE UNITED KINGDOM: 1980's 
In 1984, two scientists working in the United Kingdom, George P.C. Salmond and 
Stella Plakidou revisited three ftsE mutants; a mutant generated by chemical mutagenesis, 
OV22 (34), an amber ftsE mutant from Ricard and Hirota, MFT1181(43), and Sturgeon and 
Ingram's cold-sensitive JS10 (47). Additionally, they generated two new temperature-
sensitive missense mutants, TOE22 and TC35 (46). All five mutations appeared to be 
closely linked, as they were complemented by the same //mdlll fragment present on a 
XpGS22 transducing phage (46). They suggested the five mutants were the result of defects 
in two cell division genes, four in ftsE and a previously unidentified gene they called ftsS, as 
the site of the mutation in OV22 (46). This latter gene was subsequently found to be allelic 
with ftsX (see below). 
Up until this time, the investigations of the fts genes clustered in the 76-minute region 
had been mostly observations of mutants whose loci were identified by genetic 
complementation. The following paper is the first comprehensive investigation of the ftsYEX 
(18). While it set the direction for further studies in this area, some of the speculation in this 
paper went unchallenged and slipped into dogma. Also called into question was the location 
of the mutation in JS10. They put forth the interesting explanation that because FtsE and 
FtsX interact there could be "leaky complementation" of the two genes, a specific type of 
genetic suppression. This paper begins the ongoing search for an ftsY1* mutants along with 
the hunt for a protein(s) that may function to regulate the operon. 
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In 1986, George P. C. Salmond working with Deborah R. Gill and Graham F. Hatfull 
in England, identified four open reading frames present on the 4.5 kb //mdlll fragment used 
in the previous study to complement mutations in ftsE and ftsS (18). They proposed three 
open reading frames (ORF's), transcribed in the same direction constituting an operon, while 
a fourth, ORF4, was transcribed in the opposite direction. While ORF4 has not been 
identified or investigated further, ORF1, ORF2, and ORF 3 were named in this paper as ftsY, 
ftsE, and ftsX respectively (18). The trio of genes was proposed to form an operon based on 
the close proximity of the ORFs. A two base interval exists between ftsY and ftsE and a 
seven base overlap between the end offtsE and the beginning offtsX\ the overlap thought to 
be suggestive of translational coupling. Sequence analysis also suggested the operon was 
translationally terminated by tandem translational stop codons (Figure 1-3) (18). 
Using yS transposon insertions, it was found that plasmids with insertions within ftsY, 
ftsE, or ftsX did not complement the CS mutation in JS10. This observation lead the 
investigators to suggest the insertions were polar. The ftsE mutants MFT1181, TOE22 and 
TC35 were still complemented by a plasmid containing all but the 3' end offtsX, while JS10 
was not, implying the JS10 lesion was in ftsX. Deletion of the 3' end offtsE and all offtsX 
caused loss of complementation of all the mutants (18). 
Sequence analysis of the 4.5 kb Mndlll fragment revealed a region of tandem, 
overlapping, dyad symmetry indicative of operator regions present 5' to the putative Shine-
Dalgaroo site offtsY. The putative operator has homology to the regulatory region of the trp 
operon. Another feature proposed by the authors was an area of weak homology to a Lex-
box located between the putative operator and the RBS of ftsY suggesting the ftsYEX operon 
may be involved in the global SOS damage response. Also present was a region upstream 
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from the stop codons in ftsX that again contained dyad symmetry. The authors proposed a 
possible function for this structure in transcriptional termination and pointed out that as 
mRNA, it could potentially form a stem-loop structure that overlaped a start codon for a 
then-unknown gene. The sequence was later identified as rpoH, the heat shock regulatory 
gene (12). A DnaA binding site, important in replication and repair, is also proposed for an 
area near the end of the 4.5 kb HindHl fragment (Figure 1-3) (18). 
The protein products of this 4.5 kb ///millI fragment were tentatively identified for 
the first time in this same paper. A 20 kilodalton (kD) protein was proffered as the likely 
product of ORF4, a 38 kD product offtsX, and a 25kD product for ftsE. An unusual protein 
product was assigned for ftsY (18). Although predicted to produce a 48kD protein, FtsY was 
identified as a 92kD protein these studies. Analysis of the predicted protein products 
suggested both FtsY and FtsE have potential nucleotide binding sites and the authors further 
suggested this implied a role for nucleotide binding in the regulation of cell division (18). 
FtsE shares homology, particularly in the N-terminus, with other proteins (MalK, 
PstB of £. coli and HisP and OppD of Salmonella) that are known to be involved in the 
transport of specific molecules across the bacterial inner membrane. Specifically, these 
homology comparisons place FtsE as a member of the ATP binding cassette (ABC) 
superfamily of transport proteins, distinguished by a highly conserved ATP binding domain 
(25). A wide range of substrates including peptides, sugars, amino acids, vitamin B12, and 
diverse other compounds are exported and imported not only by £. coli, but other bacteria, 
yeasts, protozoa, insects, plants and mammals, including humans (24). A notable member of 
the ABC transporter family in humans is the transmembrane-conductance regulator (CFTR), 
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where mutations in a chloride transporter are responsible for the serious disease state, cystic 
fibrosis (24). 
While these versatile, ubiquitous proteins have been studied for years, the 
mechanism(s) involved in this type of transport are not known. It is thought that ABC 
transporters are comprised of a- helical membrane-spanning segments forming a pathway 
through which substrates may transit the membrane (26). The most recent information about 
the mechanism of ABC transport is derived from crystal structure studies (8). These studies 
of the E. coli MsbA lipid A transporter revealed the transmembrane segments were indeed 
a- helices and the intracellular loops of these domains were the site of signal transduction to 
the nucleotide-binding domains located on the cytoplasmic side of the inner membrane. 
There are several models of how substrates may transit the inner membrane (26). Substrate 
may enter an aqueous chamber, open towards the outer leaflet, formed by the transmembrane 
spans of the transporter via the rotation of the a- helical, which act like rollers. In another 
model the transmembrane helices scissor, alternately forming a lipid chamber opening to the 
inner leaflet side and an aqueous chamber opening to the outer leaflet side (26). FtsE is the 
smallest member of the ABC protein superfamily identified to date (24). 
The product of ftsX is predicted to be very hydrophobic particularly toward the C-
terminus suggesting an association with the inner membrane. FtsX was also present in much 
smaller amounts than FtsE (18). Later investigations further elucidated the nature of these 
proteins, the most recent being a detailed description of FtsE and FtsX published with our 
collaborators (14) (see Chapter 2). 
Gill et al. speculated the ftsYEX operon may be involved in some essential transport 
process central to cell division based on homologies, locations, and that mutations in these 
18 
genes impeded septation but not cell elongation. They proposed Ca>2, Mg>2, or some other 
ion may be the substrate for this transport, but offered no reason for this suggestion. 
Another possible function put forth was that the operon functions as a "septalsome", a 
hypothetical complex involved in septum formation (18). 
Neil Crickmore and George P. C. Salmond set about confirming the genes and their 
order at the 76-minute region of E. coli (12). Using complementation and restriction 
digestions, they found that the heat shock response gene, rpoH, was most likely the locus of 
the fam allele, which had been previously proposed by Salmond and Plakidou (46). These 
studies also suggested rpoH to be transcribed in the same direction as the ftsYEXoperon with 
the translational beginning of rpoH 242 bp downstream of the translational terminators of 
the operon (12). The intergenic region had numerous potential regulatory features possibly 
resulting in at least four rpoH transcripts, one of which overlaps the 3' end of ftsX. The 
authors surmised this may indicate a coupling of cell division and heat shock response (12). 
Later investigators found this not to be the case (23). 
Using standard fractionation techniques to determine subcellular location, FtsY, FtsE, 
and FtsX were found in the inner membrane fraction in what Gill and Salmond in 1987 
described as a "highly reproducible" fashion (19). Furthermore, FtsY and FtsE appeared to 
be peripherally associated with the inner membrane rather than integrated in that membrane 
(19). The authors hypothesized that the Fts proteins may function in a septalsome complex 
in cell division, although they also pointed out the inner membrane location of ATPase FtsE 
suggested a transport function and emphasized the importance of the search for a substrate 
for this transporter (19). 
19 
FTSE QUESTIONED AS A CELL DIVISION GENE 
In 1984, FtsE and FtsS (FtsX) were listed by Donachie et al. in a chapter entitled 
"Morphogenes of Escherichia coir as being required for septation (16). This assignment 
was based upon the filamentation phenotype seen by Ricard and Hirota when isolatingyir£ 
mutants (16). The details of cell division in E. coli are not fully known. It is clear multiple, 
complex tasks must be accomplished for a cell to replicate its chromosome, synthesize 
crosswalk, and physically separate the daughter cells. The processes of the formation of the 
septum and its localization at the proper mid-point of the mother cell have been elucidated 
recently [reviewed in (33)] (Figure 1-5). FtsZ, a cytoskeletal element, rings the cell at the 
site of septation prior to any visible invagination. This so-called Z-ring then contracts at the 
leading edge of the septum formation (33). 
With its amino-terminus embedded in the inner membrane and its car boxy-terminus 
in the cytoplasm, ZipA may be the anchor on which the Z ring forms. Also directly 
interacting with FtsZ is FtsA, which may in turn anchor other proteins to the Z ring (9). 
Penicillin-binding protein 3 (PBP3), the product offtsl, is required for cell division, but not 
elongation (7). Most recently, studies performed with GFP fusions to cell division proteins 
have revealed the products of nine genes are necessary for septation to occur (1). 
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CYTOPLASM PERIPLASM 
Figure 1-5. Components of the septation complex (7). The septal complex is thought to 
assemble based primarily on the affinity of the components for the murein hydrolase, Sit. 
PBPlb polymerizes glycan strands. The PBP3 complex is thought to contain enzymes that 
degrade peptidoglycan in addition to the synthetic transpeptidase activity. PBP7 and PBP4 
break the cross-bridges in peptidoglycan to allow degradation by Sit. FtsZ localizes to a ring 
at the septal site before constriction and is found at the leading edge of the constriction 
during cell division. ZipA may anchor FtsZ to the inner membrane. FtsQ is inner membrane 
protein with single transmembrane domain with a short cytoplasmic amino-terminal domain. 
FtsL is likely involved in ongoing septal synthesis. It spans the inner membrane once. FtsN 
is an essential cell division gene isolated as a multicopy suppressor of both an ftsA mutant 
and grpE mutant. FtsW is an integral membrane protein likely involved in septal synthesis. 
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Furthermore, these proteins must assemble sequentially and require the correct 
localization of the previous protein to proceed with assembly. ZipA, FtsZ and FtsA are 
thought to localize to the division site independently of each other, followed by FtsK, FtsQ, 
FtsL, FtsW, FtsI, and finally FtsN in that order (10). Despite these advances, no contribution 
of FtsYEX has been proposed. 
Peter E. M.Taschner et al. at the University of Amsterdam in 1988 examined the 
behavior of a variety offis cell division mutants and excluded ftsE from the so-called 
morphogenic pathway based on the observation that an ftsE mutant (derived from 
MFT1181 from Ricard and Hirota) did not filament in minimal media at 42°C (48). Under 
these conditions the mutant instead formed small chains of slightly swollen cells (48). To 
avoid what they called the salt-suppression of mutants observed by Ricard and Hirota, they 
used rich medium with 0.5% NaCl for 30°C and 0% for 42°C incubations (48). It must be 
pointed out that this allele offtsE was known not to be salt-suppressed (42). In addition, the 
usual concentration of phosphate salts in the minimal medium was halved to 100 mosM (48). 
Even with the restoration of the higher salt content to the minimal media, their ftsE mutant 
did not filament in minimal medium, although the swelling was suppressed. The authors 
suggested that filamentation in rich medium was due to rapid growth rate (48). 
CELL DIVISION, TRANSPORT, AND NOW FLAGELLA: THE LIST OF 
PLEIOTROPŒS GROWS 
The ftsE mutant strain MFT1181 was also used in a 1989 study by Nishimura and 
Hirota in which temperature-sensitive mutants were evaluated for flagella production (38). 
The production of flagella in the ftsE mutant ceased immediately upon shift to the restrictive 
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temperature, although this phenotype was described as "a little leaky". When transcription 
rates of flagellar genes were measured in nine fis mutant strains, includingthe levels of 
flagellar mRNA were decreased "significantly" at the restrictive temperature (38). These 
measurements were made by taking aliquots of culture after the shift to 40°C, pulse-labeling 
RNA with tritiated uridine, and hybridizing it to individual nitrocellulose filters with the 
DNA of flagellar genes affixed. The radioactively labeled mRNA was then removed with 
washes and measured with a scintillation counter (38). From these results the investigators 
concluded that the flagellar regulon is under the control of some aspect of cell division 
regulation and that the rate of flagella formation is proportional to the rate of cell division 
(38). Also mentioned was their observation that chemotaxis in these mutants was lost "due 
to inhibition of biosynthesis of methyl-accepting chemotaxis proteins (MCPs) or proteins 
necessary for methylation of MCPs (data not shown)" (38). The flagella formation or 
chemotaxis of a mutant of ftsl was not affected (38). 
REGULATION OF THE FTSYEX OPERON AND MORE IMPORTANT WORK IN THE 
UNITED KINGDOM: THE 1990 S 
In 1990, Gill and Salmond, now working at the University of Warwick in Coventry, 
England, proposed a 92 kD protein to be the product offt s Y and confirmed the polarity of the 
expression in the ftsYEX operon using yS transposon insertions (20). Since the predicted 
molecular weight of FtsY was 54 kD, it was suggested the aberrant mobility of this protein 
on SDS-PAGE gels was due to the highly negatively-charged amino-terminus (20). 
From these studies, they also proposed the presence of a promoter sequence at the 3' 
end offisY allowing for the transcription of the downstream ftsE and ftsX (20). In what is 
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only described as a "personal communication" reference to Neil Crickmore, the authors 
suggested there were two transcripts produced from the ftsYEX operon; a message encoding 
all three gene products promoted from the main or PY promoter at the beginning of the 
operon and a message encoding only ftsE and ftsX being promoted from the PE promoter at 
the 3' end of ftsY (Figure 1-3) (20). 
Their hypothesis was that the ftsYEX operon encoded proteins that were required for 
transport of some unidentified molecule(s) into the sites of septa formation (20). 
Significantly, this paper reported ftsY to be an essential gene, based upon the inability to 
obtain a knock-out mutation in this gene (20). They also reported being unable to isolate any 
temperature-sensitive mutants in ft s Y (20). It should be noted that MFTl 181 was listed as a 
temperature-sensiitve mutant of ftsE and JS10 is listed as a cold-sensitive mutant of ftsX with 
Gill et al. (1986) reported to be the source (20). Crickmore and Salmond, in 1992, published 
a clarification in effect eliminating of the ftsS gene, putting ORF4 back into place, and 
relocating some other mutations (13). 
Thomas W. Gibbs, together with Gill and Salmond in 1992, initially predicted that the 
thermosensitive cell division mutations in E. coli ftsE would be found in and around the 
highly conserved ATP binding site (17). They used a strain with a TnJO insertion conferring 
tetracycline resistance in zhf, which is linked to the 76-minute area of interest, and employed 
a modified method for localized mutagenesis originally described by Hong and Ames in 
1971 (27). A concentrated PI lysate of this strain was chemically mutagenized with 
hydroxylamine and then used to transduce mutations linked to zhf.iTalO into a wild-type £. 
coli strain. Additionally, the authors expected to obtain conditional-lethal mutants offtsY. 
The resultant transductants were grown on plates containing tetracycline at 30°C and replica-
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plated at higher (42°C) and lower temperatures (25°C) in the search for temperature-sensitive 
and cold-sensitive mutants respectively (17). Ironically, they used oxoid nutrient broth/agar 
(0.5% NaCl) and in some cases used Luna broth agar with no NaCl to "enhance temperature 
sensitivity" (see Chapter 2). Various constructs carrying the genes of the 76-minute area, 
ORF4,/isY,ftsE,ftsX, and rpoH, were used to identify mutants by complementation. 
Of 10,000 transductants screened, 28 were TS, no auxotrophs were isolated on 
minimal agar and, in a separate screening, no psychrosensitive mutants were found (17). Of 
the 28 TS mutants, 24/28 filamented at the restrictive temperature, 15/24 of these filamentous 
mutants produced long filaments (over 10X at 30°C) and 9/24 produced short filaments (2-
5X at 30°C) with inclusion bodies. The longer filaments resembled the phenotype of 
previously isolated ftsE and ft s Y mutants and the shorter resembled those seen in rpoH 
mutants. Three of these 24 mutants grew at both permissive and restrictive temperatures, but 
exhibited poor growth and aberrant morphology at the higher temperature (17). The authors 
switched to LB with no NaCl to "enhance temperature sensitivity". Interestingly, this 
observation was not interpreted as three mutants that were rescued by the presence of NaCl. 
One of these mutants had an amber mutation in rpoH, another an uncharacterized mutation in 
rpoH, and the third was complemented by the ORF4-ftsYEX gene cluster. Nine of 23 
mutants tested were found to be amber mutations and the other 14 were assumed to be 
missense mutations (17). Nine were found by complementation to be mutations in rpoH, 
nine in ftsE (1/9 amber), four in ftsX (3/4 amber) and two that did not complement were 
thought to be double mutations in ftsE and ftsX. No mutants were isolated in ftsY or ORF4. 
When the ftsE mutants were sequenced, 8/11 mutations laid in a cluster from amino acids 
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135 to 156, a highly conserved region in proteins belonging to the ABC transporter family 
(Figure 1-3). 
Gibbs et al. surmised the isolation of temperature-sensitive mutants in ftsE as 
opposed to amber mutations were because ftsE and ftsX are essential genes (17). They also 
noted that even in an amber suppressor strain, there still may not be enough biologically 
active FtsE and FtsX to support viability. As will be discussed in Chapter 2, it should be 
pointed out that the selection of growth medium that contains only 0.5% NaCl most likely 
influenced the retrieval of any mutants. 
The authors also called into question their own previous conclusions about the 
essential nature offt s Y and its putative role in cell division as a excuse for their inability to 
isolate temperature-sensitive mutants in ftsY (and ORF4) (17). In a reference to his Ph.D. 
thesis, Gibbs tentatively suggested that FtsY and FtsE both bound ATP, but admitted trouble 
with his experiments. The authors concluded that none of the ftsE1* mutations mapped to the 
putative nucleotide-binding site, but rather clustered in another region conserved in ABC 
proteins. This is highly significant as the location of the temperature-sensitive mutational 
"hot spot" is homologous to the site of human cystic fibrosis transmemembrane conductance 
regulator (CFTR) mutations, which are known to be responsible for the human disease state 
(17). Based on the membership of FtsE in the ABC superfamily, they speculated FtsE and 
possibly FtsY were involved in the active transport of a septation-specific protein necessary 
for cell division in E. coli (17). 
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THE FOCUS OF THE OPERON BECOMES FTSY, THE SRP DOCKING PROTEIN 
HOMOLOGUE 
In 1939, the ftsY gene was identified as a homologue of the mammalian SRa or 
docking protein (5,45). Joen Luirink, at the Biocentrum Amsterdam, along with a group of 
investigators from the UK and Germany, questioned the cell division role for ftsE based on 
the observation made by Taschner in 1988 (48) that the ftsE™ (MFTl 181 allele) mutant only 
filamented in rich medium, not minimal medium at the restrictive temperature of 42°C (32). 
Pointing out that a filamentous mutant phenotype is not the exclusive domain of cell division 
genes, Luirink's group cited filamentation is also seen in overexpression of protein-export 
related SecA and the E. coli SRP components, including^X (32). While depletion of FtsY 
had been shown to cause the accumulation of precursor ^-lactamase, there was no 
accumulation of pre-0-lactamase in the ftsÉ^ mutants at the restrictive temperature (32). 
Luirink's group showed that under and overexpression of ftsY disrupted some protein export 
and resulted in aberrant cell morphology (32). Additionally, by o verexpressing ft s Y and 
immunoblotting with antiserum against a C-terminal peptide of FtsY, it was shown that the 
protein previously proposed as an anomalously migrating 92 kD protein was in fact FtsY 
(32). 
The authors asserted that expression offt s Y at either higher or lower than normal 
levels resulted in translocation defects of ^-lactamase, OmpF and ribose-binding protein 
(RBP) (32). They also pointed out that depletion of FtsY affected cell shape in a way that 
was indicative of defects in cell division or elongation. Of course, due to the polarity of the 
ftsYEX operon, depletion or overexpression offtsY (via an inducible arabinose promoter) in 
the context of the operon would impose the same consequence on downstream ftsE and ftsX. 
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Calling the cell division role of ftsE into question, the authors reminded us that all 
filamentation was not due to cell division defects, but could be the result of anomalies in 
other systems, such as SecA or SRP components. With ftsE homology to ABC transporters, 
the role in ftsE in cell division was cast into doubt. The hypothesis was suggested that ftsY, 
ftsE, and possibly ftsX may be involved in the reception and insertion of a subset of proteins 
into the inner membrane (32). Luirink et al. speculated that FtsY may associate with FtsE 
and FtsX at the "inner membrane, perhaps with the undiscovered SRfl subunit". These 
investigators focused on the role of ftsY as a prokaryotic SRP component until 1999, when 
our laboratory collaborated with the Luirink group in the publication of the molecular 
characterization of ftsE and ftsX (see Chapter 2). 
In 1997, Ulbrandt et al. used a genetic screen called synthetic lethal overexpression 
(SLO), to isolate possible substrates or receptors of SRP (51). Besides FtsY, which was 
expected to be isolated as the receptor, FtsE and FtsX were also isolated. The explanation 
was that FtsE and FtsX "play essential roles in cell physiology", so therefore were expected 
to require SRP for membrane insertion. Further, it was suggested the disruption of the 
insertion of FtsE and FtsX into the inner membrane may be the basis of the fts phenotype 
observed in perturbations of the SRP system (51). Later studies would reveal FtsX as an 
inner membrane protein that anchors FtsE to the cytoplasmic side of this membrane (14). 
BEYOND FTSY, THE HOMOLOGIES OF FTSE AND FTSX: E. COU GENETICS 
APPLIED TO OTHER SYSTEMS 
FtsE, as the smallest member of the ABC transporter family is homologous to many 
other diverse proteins based upon this membership alone. Included in this group is the E. coli 
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protein, ABC (ATP-binding cassette), which has homology to FtsE (2). Bacillus subtilis also 
has homologues of FtsE based on the ABC family resemblances (59), and an endosymbiont 
of aphids shares 36% amino acid identity with FtsE based on its inclusion of the membrane-
associated, ATP-binding motif (31). 
Significantly, it has been shown that ftsY,ftsE, and ftsX are highly conserved genes 
throughout biology, although the synteny, or gene order, of these genes is not frequently 
conserved. Mycobacterium tuberculosis has a homologue of ftsX that based on mRNA 
analysis, is relatively highly expressed in replicating cells compared to quiescent ones, 
making this gene a good candidate as an active disease marker (49). The mycobacterial FtsX 
(FtsX1"1) shows statistically significant homology to the £ coli FtsX with 21.6% identity and 
65.8% similarity across the 297 amino acid protein. FtsXMT was predicted to have four 
transmembrane helices, three in the hydrophobic C-terminus, suggesting an integral 
membrane location for this mycobacterial protein as well. Upstream offtsjf** is a gene with 
50.3% identity with E. coli ftsE and 44.5% identity with Haemophilus influenzae ftsE (49). 
While ftsE^1 is followed by ftsjf**, the mycobacterial homologue of rpoH is not linked (49). 
It is not known whether an ftsY counterpart lies upstream offtsEX?**. It appears the 
mycobacterial sequence has an internal promoter located in ftsE, perhaps suggesting an 
element of independent control over the expression of ftsX in this pathogen. 
Expression offtstf** in E. coli JS10 failed to complement the cold-sensitive 
filamentous phenotype even though it is known that the ftsX promoter is functional in M 
tuberculosis (49). The authors suggested that a 55 amino acid residue present in £. coli, but 
not in M tuberculosis, may be responsible for function in the former, or it may be that any 
over or underexpression of ftsX is lethal to the cell. However, based upon the differential 
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expression offtsjf** and the homology offtsE)?*1 to E. coli genes proposed to be involved in 
cell division, this study concluded that was also their function in M. tuberculosis (49). 
Interestingly, the authors go on to describe the environmental conditions faced by M. 
tuberculosis in the macrophage, such as changes in pH, temperature, and osmolarity among 
others, which may lend support for an ion transport role for these genes or role in 
homeostasis (49). 
Homologues offtsE (ftsE??) and ftsX iftslf*) were found directly upstream of the 
heat-shock regulator rpoH (rpoffp) homologue, in Pseudomonas putida PpGl(3). While 
screening for an rpoffp in an £. coli rpoHre strain, these investigators isolated a P. putida 
clone with the desired homologue downstream of 1026 base pair (bp) open reading frame 
encoding a putative 37 kD protein ftsX?* and the 3' end of an fishf9. In P. putida there is a 
four base pair overlap at the end offisEpp and the beginning offtslf* as opposed to the two 
bp overlap in E. coli (3). 
Transposon mutations in the Gram-negative gliding bacterium, Flavobacterium 
johnsoniae ftsX (ftsjf1) were reported to produce filaments and the loss of motility (29). 
While the mechanism of gliding in this type of bacteria is not completely understood, it is 
known not to involve flagella (28). In fact, 17 of 33 nongliding mutants filamented, with 
some individual cells exceeding 60 times the normal cell length of approximately 5*im. 
Three of these mutants were found to have the transposon insertion in fis]?* by sequence 
analysis and complementation (29). 
The ftsX of F. johnsoniae is predicted to be a 291 amino acid protein with a molecular 
mass of 33 kD and is most closely homologous to E. coli ftsX sharing 24% amino acid 
identity out of282 residues (29). No homologue of ftsE in F. johnsoniae has been found. 
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Interestingly, the addition of NaCl or KC1 to the 171 mM (1%) level in the growth medium 
did not affect the mutant phenotype of fisjf1 mutants (29). 
Kempf and McBride suggested fisjf1 was not directly involved in gliding motility 
since the wild-type gene was unable to complement a collection of nongliding mutants (29). 
Additionally, the mutant bacteria were unable to bind and move latex spheres along their 
surfaces, a feat which is a corollary to motility. Antibiotic treatments that cause 
filamentation do not disrupt gliding motility. While probably not an intended defense 
strategy, filamentation was found to be associated with resistance to various bacteriophages 
in F. johnsoniae (29). 
Kempf and McBride also presented an electron micrograph illustrating "multiple 
septa" and based on this, as well as other reasons, concluded that fis)?* is blocked at a late 
stage in cell division (29). However, it appears from the micrograph that the majority of 
these septal-appearing areas may be discontinuities in the cytoplasm perhaps introduced by 
mechanical or physical forces as was seen in our studies (see Chapter 4). 
Interpreting the role of ftsj£s in various models of gliding motility, Kempf and 
McBride postulated the role of this protein in their organism may be the insertion of proteins 
important to the motility machinery or, alternatively, that the loss of motility may be the 
result of the disruption of division in cells with defective fisX (29). No putative role for 
ftstf* was offered in the model in which the extrusion of polysaccharides propels the cell. 
In 2000, a Canadian group published an analysis offtsE and ftsX in the Gram-
negative coccus, Neisseria gonorrhoeae (4). In the M gonorrhoeae strain CH811 used in 
this study, there was no ftsY homologue upstream offtsE^0 and fts^G. Incidently, while 
these authors refer to the interaction of £ coli FtsE and FtsX (14), they incorrectly cite the 
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method used to show this as a yeast two-hybrid system. A four bp overlap between the end 
offtsE?0 and the beginning offtsjf*0 was detected. In addition, FtsENG of strain CH811 was 
found to be 98% identical to N. gonorrhoeae strain FA1090 and 96% identical to N. 
meningitides strain Z2491. FtsENC and FtsX1*1 showed similarity to other FtsE and FtsX 
proteins in a broad range of bacteria (Table 1-2) (4). Like other FtsE proteins, the 
gonococcal version contained the conserved motifs of an ABC protein. As with other FtsX 
proteins, the Neisseria version was predicted to have membrane-spanning domains with the 
amino-terminus located on the cytoplasmic side of the inner membrane. The length of this 
amino-terminal domain varies among species. Both the gonococcal ftsE and ftsX were 
present on a single transcript and two promoters were identified upstream (4). 
Insertional mutants were exchanged onto the gonococcal chromosome and revealed 
that neither the fistor ftsX?0 were essential. The phenotype of these mutants was aberrant 
cell division displaying multiple and incorrectly placed division sites. Also observed in these 
mutants was the presence of vacuole-like structures with what was described as "condensed 
DNA (but few ribosomes) that had not been able to correctly segregate during cell division". 
The mutants did not show altered sensitivity to antibiotics (4). 
Most recently, Susana Merino and others at the Universidad de Barcelona in Spain 
isolated a transposon mutant of Aeromonas hydrophila (35). This organism is pathogenic to 
a variety of species and in humans is known to cause disease from gastroenteritis to 
meningitis. The mutant isolated by this group was highly resistant to opsonophagocytosis 
(35). Opsonophagocytosis is the process in which phagoctyes take up, or phagocytose, 
foreign matter coated with complement opsonin, C3b, through a specific cell surface 
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Table 1-2. Neisseria gonorrhoeae amino acid sequence homology to other bacteria 
expressed as percent identity/similarity (4). 
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FtsE 49/71 45/66 32/54 38/61 41/62 39/60 
FtsX 29/55 26/55 23/47 26/45 19/49 20/52 
receptor. In this way, unwanted bacteria are cleared in a highly efficient way. Cloning and 
sequencing the transposon insertion site revealed high identity/similarity with the genes of 
the E. coli ftsYEX operon and other pathogenic organisms (Table 1-3). Notably, a 
homologue of rpoH followed the ftsYEX homologues in A. hydrophila (35). This rpoH^ was 
69% identical and 83% similar to E. coli rpoH and highly resembled its counterparts in 
Proteus mirabilis, Serratia marcescens and Vibrio cholerae (35). Merino et al. then took the 
cold-sensitive mutant JS10 (47) and the salt-dependent, temperature-sensitive null mutant of 
ftsE::kan\, RG60, generated by our lab (14) (see Chapter 2), and complemented these 
mutations using a pACYC184 derivative plasmid carrying the A. hydrophila ftsEX (ftsEX!*") 
homologues. In both cases the A. hydrophila homologues restored each strain to the 
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Table 1-3. Aeromonas hydrophila deduced amino acid sequence homology to other bacteria 
expressed as percent identity/similarity (35). 
Aeromonas 
hydrophila 
Escherichia 
coli 
Vibrio 
cholerae 
Pseudomonas 
aeruginosa 
Haemophilus 
influenzae 
FttY 73/85 73/82 62/75 67/80 
FtsE 67/81 66/80 58/74 58/72 
FtsX 31/50 36/53 37/54 31/54 
wild-type cell morphology. Additionally, the RG60 strain was able to grow at the restrictive 
conditions of 42°C without NaCl when supplied with the ftsEXgenes (35). Recall, JS10 is 
actually an ftsX mutant (18) (see Chapter 5) even though these authors describe it as an fisE 
mutant. 
The A. hydrophila ftsE mutant displayed a filamentous phenotype at 37°C, but not at 
30°C, and the concentration of NaCl in the growth medium had no effect upon this 
phenotype. While the mutant pathogen is still opsonised, the authors proposed the resistance 
to opsonophagocytosis may lie in the inability of the phagocyte to surround and ingest a 
filamentous mutant (35). Filamentation thwarting phagocytosis has been reported to occur in 
other pathogens. 
REGULATION REVISITED 
Studies in 1998 showed that the homologue of rpoH, a feature of Gram-negative heat-
shock regulation, was 3' to ftsX only in enteric bacteria (41). As mentioned above, the PI 
promoter, one of the promoters responsible for transcription of rpoH under most growth 
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conditions, is located in /teÀjust upstream of the ftsYEX transcriptional terminator, 
prompting the suggestion that termination of the transcription of the operon is somehow 
coupled to the transcription of rpoH (18). The overall arrangement of promoters, in addition 
to DnaA boxes and a catabolite-sensitive promoter, suggested a coordination of the 
expression of rpoH, the cell cycle and carbon source (41). In examining bacteria of the 
family Enterobacteriaceae, it was found rpoH followed ftsX in Salmonella enterica serovar 
Typhi, Salmonella enterica serovar Typhimurium, Klebsiella pneumoniae, Serratia 
marcescens, Erwinia amylovora, Shigella flexneri, Shigella boydii, Citrobacter fireundii, 
Klebsiella spp., Enterobacter aerogenes, and Yersinia enterocolitica in addition to E. coli K-
12 strain W3110 (41). The ftsX and rpoH sequences were not detected in Proteus mirabilis 
(41). While conserved in enteric bacteria, the ftsX-rpoH juxtaposition was not present in the 
nonenteric Haemophilus influenzae (41). 
Further studies in 1999 carried out by Gomez-Eichelmann and Helmstetter examined 
not only the regulation of rpoH from the PI promoter internal to ftsX, but the regulation of 
the ftsYEX operon as it relates to cell cycle (23). Messenger RNA isolated at different stages 
of the cell cycle from a synchronous cell culture and S1 protection assays were used (with the 
complement to the final 45 nucleotides of ftsX as a hybridization probe) to show that the 
level of ftsYEX transcripts did not vary with the cell cycle. Furthermore, a 35 nucleotide 
probe from rpoA, used as an internal, nonfluctuating conrtol, needed to be diluted 200-fold to 
be at a similar signal strength as the FtsYEX probe indicating the ftsYEX transcript is found 
in low abundance. 
The low, cell-cycle independent transcription of ftsYEX compared with the reported 
cyclically high amount of FtsZ needed for Z ring formation led these authors to echo the 
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hypothesis put forth by Gibbs et al. (17), Le., FtsYEX may function in the transport of 
components of cell division, but are not themselves cell division proteins. It was also found 
that transcription of rpoH from the PI promoter did not fluctuate with the cell cycle and that 
the relative amounts of rpoA mRNA : rpoH mRNA : ftsYEX mRNA was 200 :20 :1 (23). 
A POSSIBLE EXPLANATION FOR THE PLEIOTROPIC PHENOTYPE OF THE FTSE 
MUTANT: A UNIFYING HYPOTHESIS 
In 1998, Ukai et al. published their studies addressing the translocation of potassium 
pump proteins into the inner membrane of E. coli in an ftsE7* mutant (50). The ftsE mutant 
used for their investigations was the original Ricard and Hirota MFTl 181 lesion transduced 
into a MG1655 background. This ftsE mutant was temperature-sensitive due to a serine 
substituted for a proline at residue 135 (17). 
For reasons not immediately revealed, the authors looked for a link between ftsE and 
potassium pump proteins (50). They reviewed the potassium parameters and various 
physiological roles for potassium ions in E. coli, such as aiding the catalysis of the peptidyl 
transferase reaction via the 50S subunit and the formation of a membrane potential affecting 
protein synthesis and cell growth. For example, E. coli growing in a medium containing 10 
mM K* can maintain a normal intracellular IC concentration of200 mM by means of 
potassium ion pump systems, Kdp, Kup, and Trk (50). At 10 mM K\ at least one of the 
three pump systems must be functional to sustain growth (50). If, however, the growth 
medium contains more fC* (greater that 115 mM), growth will continue even when all three 
systems are dysfunctional suggesting the presence of a potassium ion channel whereby 
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potassium ions enter the cell based upon a concentration gradient, which the authors state is 
reminiscent of a similar eukaryotic process (50). 
Ukai et al. first addressed the effects of potassium concentration upon the phenotype 
of the ftsEJS mutant, reporting in general that higher potassium content (200 mM vs 10 mM) 
in the growth medium restored cell growth, but not division to the mutant at the restrictive 
temperature of 41°C (50). Likewise, ftsE** was unable to form colonies on the Kio agar 
plates. They reported that the addition of "high" concentrations (100 to 300 mM) of sodium 
chloride did not restore growth to the ftsE1* mutant at the restrictive temperature, consistent 
with the original observation that growth was not restored by the addition of sodium chloride 
in the original mutant MFTl 181 (44), the source of the mutation being studied here. On this 
basis, they claimed the restoration of wild-type phenotype brought about by the addition of 
KC1 is not a general salt effect, a suggestion that led them to investigate the inhibition of 
growth due to a reduction in the intracellular levels of potassium (50). It remains 
questionable if MFT99 or MFT123, the other original salt-remedial ftsE73 mutants of Ricard 
and Hirota, had been used for this and previous studies if the outcome would have been the 
same. 
The two growth media used in this study Kio and K2oo differed by the addition of 190 
mM KC1 to the K.10 medium, which contained obviously 10 mM KC1 (50). The basal Kio 
medium, besides 10 mM KC1, contained 0.5 g/L NaCl, lg/L NH4CI, 30.3 g/L 
Na2HP0412H20,2.4 g/L of NaH2P04 2H20,2 mM MgSQ4,0.1 mM CaCl2 (50). As a frame 
of reference, the standard NaCl content in nutrient broth is 5 g/L or 0.5% NaCl, equivalent to 
about 85 mM, while Miller LB medium contains 10 g/L or 1% NaCl, equivalent to 171 mM 
NaCl. Note that the two other original missense fis mutants isolated by Ricard and Hirota 
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that were rescued by additional NaCl in the growth medium were rescued at 0.3% (51 mM) 
and 0.7% NaCl (120 mM) (44). The RG60 ftsE\:kan\ null mutation is rescued between 0.5% 
and 0.6% (85.5 mM to 103 mM) NaCl (see Chapter 2). 
With the intracellular levels of potassium under suspicion, plasmid-bome phoA 
fusions were made to the following proteins and introduced into the JtsÉ™ mutant; KdpA, 
KdpC, KdpD, Kup, and Trie and by Western blotting all were found in the membrane fraction 
under permissive conditions (50). Under the nonpermissive conditions, fusions to Kdp, TrkH 
and Kup were no longer present in the membrane fraction, while KdpC-PhoA and KdpD-
PhoA were localized correctly (50). The results showed that the missing protein pump 
proteins were lost in a growth-dependent manner, i.e., they were simply diluted out of the 
membrane fraction once the cultures were shifted to the nonpermissive temperature. 
Controls showed the fusions to be functional, relatively stable at 41°C, and an internal control 
of glucose dehydrogenase localized normally under all conditions (50). 
Furthermore, it was found that KdpA-PhoA fusion protein was made at the restrictive 
temperature, but it did not localize in the ftsE mutant and was degraded rapidly (50). An 
interesting observation about growth cessation showed that with the ftsE™ mutant strain, 
growth stopped after 32 doublings regardless of the rate in which it took to get there, 
indicating the stoppage was caused by the cell mass increase rather than time spent at 41°C, 
according to the investigators (50). After this amount of growth at the restrictive 
temperature, the levels of the three potassium pump proteins dropped to approximately 1/15 
or about 6% of wild-type levels (50). 
Therefore, Ukai et al. attributed the death of the £. coli cell in an ftsE** mutant to the 
inability to insert the potassium pump proteins of the three major uptake systems into the 
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inner membrane, leaving the cell at a loss for potassium and in a situation where only growth 
in a high potassium medium will restore growth (50). In high concentration, potassium may 
be able to enter the cell through nonspecific channels at levels sufficient to restore growth but 
not division in these filamentous mutants (50). These investigators made the following 
conclusions based on the results presented in this study and those referenced below: 
1. FtsE requires SRP for insertion into the inner membrane based upon their 
synthetic lethal overexpression (SLO) phenotype (51). 
2. Since FtsE participates in the insertion of the potassium pumps proteins and 
overproduction perturbs the SRP system, it may participate in the translocation of 
other proteins (50), although no accumulation of precursor proteins associated 
with SRP transport is observed in ftsE mutants (32). 
3. While ft s Y mutants have not been isolated (17), depletion offfh results in a 
filamentous phenotype (32). 
4. While FtsE and FtsY may both participate in the translocation of proteins, the 
mechanism may be different because an archaea homologue offis Y is not adjacent 
to ftsE and ftsX homologues (40), and M. tuberculosis has homologues of ftsEX, 
but not ftsY (49). 
5. There may or may not be any correlation with the number of membrane-spanning 
segments of proteins inserted by FtsE since the potassium pump proteins not 
inserted in this study had more than eight spans, the two that were inserted had 
one or four, and TetA with twelve spans accumulated normally (50). 
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6. FtsE may play a role in the transport of proteins needed for a late stage of cell 
division since FtsZ rings can be detected in ftsE1* mutants at the restrictive 
temperature (50) and the cell division protein FtsQ cross-links with Ffh (52). 
It bears mentioning, as was stated in the paper originally describing the depleted Ffh 
phenotype (39), that while these cells filament, the filamentation is not as extensive as with 
ftsE mutants and that there are other reasons for filamentation other than cell division defects. 
Further, all genes that function together are not always found in an operon. It is perhaps 
misleading to say an ftsY homologue does not exist in Af. tuberculosis (50), when the authors 
of that work stated they did not know yet if there is one and planned to look further. 
A COMPREHENSIVE CHARACTERIZATION OF FTSEX 
In 1999, a comprehensive molecular characterization of E. coli FtsE and FtsX was 
published by our laboratory in collaboration with Joen Luirink's group at Free University of 
Amsterdam (14). The characterization of the ftsE::kan\ null mutant, RG60, generated by our 
lab is presented in Chapter 2. The phenotype of this mutant was a classic fis mutant when 
grown in 0.5% NaCl growth medium. Interestingly, viability at the restrictive temperature of 
42°C was restored by the addition of NaCl, among other salts, to levels considered usual in 
other growth media, such as Luria broth. It should also be noted at this point that given the 
location of the putative promoters in the operon that an insertional inactivation in ftsE would 
result in the polar disruption of the downstream ftsX. 
Luirink et al. stated that the depletion of FtsY has a "strong effect" on the export of 0-
lactamase and the insertion of the inner membrane leader peptidase protein, Lep (14). Given 
the association offtsY in the operon with ftsE and ftsX, it was decided to examine the fate of 
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these proteins in the ftsE::kan\ null mutant. The localization of either protein was unaffected 
(14). Likewise, overexpression of SRP components affected protein localization. The 
overexpression offtsE and ftsX, however, did not significantly affect the targeting of P-
lactamase, SRP- independent OmpA, or OmpC (14). 
The overexpression of ftsE and ftsX either individually or together was undertaken by 
cloning these genes under the control of an inducible T7 promoter. These plasmids facilitated 
the study of the effects offtsE and ftsX overexpression, were used in the purification of the 
gene products, and in subsequent localization studies. Indeed, induction of the ftsE and an 
ftsEX construct produced a 23 kD band upon SDS-PAGE analysis consistent with the 
predicted molecular weight of 24 kD for FtsE. It was also found that overexpression offisE 
alone did not affect growth, but led to the formation of large inclusion bodies, which the 
authors describe as "polar" (14). Overexpression offtsX, singularly or in combination with 
ftsE, was described as "relatively moderate" and resulted in a slightly underweight 36 kD 
protein (predicted is 39 kD). Interestingly, overexpression of ftsX resulted in a strong growth 
defect, filamentation, and cell death. It appears, however, that overexpression offtsE and 
ftsX seemed to mediate these defects (14). 
Both FtsE and FtsX proteins were purified using car boxy-terminal 6xHis tags. The 
FtsE-His fusion protein was extracted from inclusion bodies and purified using Ni-NTA 
affinity columns. SDS-PAGE analysis showed the 23 kD FtsE band and a second 46 kD 
band representing an FtsE dimer (confirmed with N-terminal sequencing) was also present 
(14). Antibody raised from this purifed protein reacted with both bands in immunoblotting. 
FtsX-His was isolated from detergent-solubilized membranes, and its identity was confirmed 
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with N-terminal sequencing (14). An unsuccessful attempt was made at raising antibody. 
Antibody to FtsX had to be made from a 15 residue amino-terminal peptide (14). 
This publication is the first mention of the dimerization of FtsE (14). The 
investigators made the following observations about the FtsE dimer: 
1. The dimer was "strongly" associated based on the tolerance to high 
concentrations of urea up to 8M. 
2. The presence of the dimer was not concentration dependent indicating it was not 
an artifact of high concentrations. 
3. The presence of a unique cysteine at position 49 was necessary for FtsE dimer 
formation. 
4. Dimer formation was stable and was based upon a rather unlikely disulphide bond 
formation. 
In a more detailed investigation than performed in the 1980's, the subcellular 
locations of FtsE and FtsX at varying expression levels were examined using inferences from 
various experimental treatments (14). At wild-type levels, FtsE was found "mostly" with the 
membrane fraction, while FtsX was undetectable as determined by differential centrifugation 
and immunoblotting (14). Upon overexpression, FtsX was associated with the membrane 
fraction and excess FtsE resulted in "aggregates" that fouled interpretation of results. 
Interestingly, the portion of FtsE found in the soluble fraction at normal expression levels 
shifted to the membrane fraction when ftsX was overexpressed suggesting the need for FtsX 
for FtsE to associate with the membrane (14). Inner membrane vesicles (IMVs) expressing 
ftsE and ftsX at various levels were purified and treated with various agents whose effect 
upon the associated proteins is indicative of different kinds of associations. For example, the 
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extraction of both proteins from the IMVs with sodium lauryl sarkonisate indicated a bona 
fide association with the membrane and not just an artifactual aggregation. Using 50 mM 
NaCl as a control extraction agent, 1 M NaCl, 4 M urea, and 0.2 M NazCOi were also 
applied, with the resultant extracts and residual membranes examined by immunoblotting 
(14). 
FtsE at wild-type levels seemed to be relatively stable when associated with the 
membrane, while the overexpression of both ftsE and ftsX renders FtsE "completely" 
resistant to extraction with NaCOi. Overexpression offtsE alone, as predicted, resulted in a 
surfeit of FtsE extracted with 50 mM NaCl. Overexpressed ftsX was not extracted. These 
results were consistent with the hypothesis that FtsX is an integral membrane anchor with 
four predicted hydrophobic transmembrane segments. It seemed FtsE associated with the 
inner membrane by association with FtsX, not by integrating itself into the membrane as 
predicted by computer models (14). 
The canonical Walker A and B motifs are present in FtsE comprising the putative 
ATP binding site known in ABC transporters. The FtsE Walker A sequence is located from 
residues 35 to 42. Using site-specific mutagenesis, the lysine at position 41 was changed to 
an arginine and ATP binding was appraised (14). The results showed that this residue is 
indeed necessary for ATP binding, while the closely associated cysteine to alanine mutation 
at position 49 used to assess dimerization did not affect nucleotide binding of the labeled 
ATP analogue, 8-azido [a-32P]-ATP (14). The binding of the ATP analogue is inhibited by 
excess ATP, ADP, or OTP, but not AMP (14). 
From these results it appears that FtsE dimerized and constituted a peripherally-
associated ATP-binding unit that complexed with the integral membrane anchor, FtsX (14). 
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To further address this, protein cross-linking studies were undertaken with these two proteins 
(14). Various overexpression samples were pulse-labeled, crude membranes purified, cross-
linked with DSP, immunoprecipitated with anti-FtsE under denaturing conditions, heated 
with DTT to dissociate any linked proteins, and analysed using SDS-PAGE (14). Upon 
overexpression offtsE alone, three co-precipitated proteins were observed (14). A 24 kD 
protein presumed to be FtsE was found, but additionally a 96 kD and a 60 kD product were 
also found. These co-precipitates were not observed when FtsE was expressed at wild-type 
levels or with a control antibody. When both FtsE and FtsX were overproduced, a 36 kD 
product corresponding to FtsX co-precipitated in addition to the previously mentioned 
products (14). 
Our collaborators resisted the temptation to speculate about the identity of the 60 kD 
and 96 kD proteins. It could be said at this point that FtsY migrates as a 92 kD protein and 
that no homologue of the eukaryotic SRfl subunit has yet to be found in prokaryotes. Since 
DSP requires the close proximity of proteins to form covalent bonds in the cross-linking 
process, the cross-linked products could be bona fide interaction partners of FtsE. 
THE GLOBAL PICTURE 
With the advent of DNA array technology and the ability to monitor the global 
expression of E. coli genes, the knowledge of biology at the molecular level will surely be 
extended. Recently, a DNA microarray was used to monitor gene expression in response to 
SdiA (58). SdiA is known to be a positive regulator of the cell division genes fisQAZ, but 
also imparts resistance to mitomycin C for unknown reasons. It was found that while the 
expression of these cell division genes was increased approximately 10-fold by elevated 
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SdiA, a set of other transcripts that were increased or decreased at least three-fold did not 
include any other fis genes (58). In conflict with a previous report about a positive 
correlation between cell division and control of flagellar synthesis (38), the DNA microarray 
data indicated that when expression of cell division genes increased, all of the flagellar 
transcripts were significantly decreased (58). 
In another study involving the quorum-sensing molecule AI-2, it was found that 
expression offtsQAZ was not stimulated as in previous studies for various reasons, while 
other cell division genes were affected (15). The authors suggested that cell division was still 
shown to be positively regulated by quorum sensing as evidenced by the down-regulation of 
an inhibitor of cell division, dicB. Although they specifically mentioned ftsE, an "ATP-
binding component of a membrane-associated complex involved in cell division", was 
inexplicably down-regulated 3.1-fold (15). Perhaps this effect on ftsE expression reflects 
down regulation offtsE from the second, PE promoter, since no mention was made by the 
authors of an equivalent down-regulation of ftsY, which would theoretically be seen if this 
change were brought about due to the main Py promoter. Given the operon configuration of 
ftsYEX, one would also expect an equivalent down-regulation offtsX, which also is not 
reported in this study. With the expression offtsX already quite low, the detection of any 
down-regulation of this gene most likely is beyond the sensitivity of this type of 
methodology. 
Another DNA microarray study analyzing the global regulation of E. coli gene 
expression under SOS conditions does not implicate ftsYEX in that response (11), although 
previous literature has suggested the presence of a Lex-box (18). The SOS response is a 
global regulatory response to DNA damage or inhibition of DNA replication. The Lex-box 
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is a sequence where a regulatory element binds and thereby controls the expression of the 
downstream gene. 
Clearly, knowledge has accumulated about the ftsYEX operon of E. coli over the last 
30 years, but many questions remain unasked and unanswered. However, as the information 
base improves, the questions become more obvious and fruitful lines of research will be 
followed. The following chapters report additional contributions to what is known about this 
little-understood cluster of genes in E. coli. 
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CHAPTER 2. 
Characterization of a null mutant of ftsE of Escherichia coli 
A portion of this data was contributed to a collaborative publication: 
Molecular characterization of Escherichia coli FtsE and FtsX, 
Molecular Microbiology. 1999. 31:983-993 
by de Leeuw, E., B. Graham, G J. Phillips, C.M. ten Hagen-Jongman, B. Oudega, and J. Luirink. 
INTRODUCTION 
The ftsE gene is located in the ftsYEX operon of Escherichia coli. The mutant 
phenotype designated fis for filamentation-temperature sensitive was first observed in a class 
of mutants isolated by Richard and Hirota in the late 1960's (15). This operon has been 
historically described as being comprised of essential cell division genes (4). Mutants of this 
class exhibit relatively normal cell morphology at the permissive temperature of 30°C, but 
filament at the restrictive temperature of 42°C and eventually die. Most of these types of 
mutants have been found in the cell division gene cluster at 2-minutes of the E. coli 
chromosome (2). 
Although the function of the operon remained unknown, interest has recently revived 
when it was found that the first gene in the operon, ftsY, was homologous to the eukaryotic 
signal recognition particle docking protein (6). FtsY is involved in the localization of certain 
proteins to the inner membrane of E. coli (19). Interest in the latter two genes, ftsE and ftsX, 
was renewed due to their juxtaposition with ft,s Y in an operon construct and the distinct fts 
phenotype (5). 
Interestingly, two out of the three original chemically-generated ftsE point mutants 
isolated by Richard and Hirota were shown to be remediated, or "rescued", to wild-type cell 
morphology by the addition of salt to the growth medium, one at 0.3% and the other at 0.7% 
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NaCl (14). Later work by Kohno and Roth with temperature-sensitive histidine mutants of 
Salmonella showed all mutants of this type were corrected by the addition of salts to the 
growth medium. In this case, only monovalent cations rescued the conditional Salmonella 
mutants, while divalent ions and other compounds termed "osmolytes", such as glycerol and 
sucrose did not (10). 
More recently, it has been reported that major potassium pump proteins do not insert 
into the inner membrane in a temperature-sensitive mutant offtsE (18). This defect includes 
the inability of inner membrane components Kup, Trk, and Kup potassium import systems to 
localize to the inner membrane. The disruption is potassium pump localization that has wide 
effects upon the growth of the cell, including the perturbation of protein synthesis (18). The 
full consequences of this cellular dysfunction remain unknown. 
Most recently it has been shown that the ATP-binding FtsE dimerizes and associates 
with the integral membrane protein FtsX, comprising a two-component ATP-binding cassette 
(ABC) transporter (1). The ABC transporters are known to be avenues for the movement of 
a diverse array of compounds in and out of the cell (9). 
The ftsE gene of E. coli exhibits a classic fis phenotype seen in mutants of cell 
division genes, although some but not all point mutations display the curious characteristic of 
being returned to a wild-type phenotype by the addition of salt to the growth medium (14). 
The report of the failure of ftsE mutants to insert all major potassium pump proteins into the 
inner membrane (18) raises the question of the effects of this defect, both primary and 
secondary, upon the biology of the bacterial cell. While it is known that FtsE is anchored to 
the cytoplasmic face of the inner membrane by FtsX in a typical two-component ABC 
transporter configuration (1), the substrate(s) of this putative transporter is unknown. 
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Clearly, ftsE warrants further investigation. While temperature-sensitive mutants are very 
useful genetic tools to study the function of essential genes, the character of these missense 
mutants can vary depending on the location of the lesion. To clarify the function of ftsE, 
construction and characterization a null mutant of ftsEX was initiated. 
MATERIALS AND METHODS 
MEDIA AND REAGENTS 
Bacterial growth media and antibiotic concentrations were prepared as described by 
Miller (11). Restriction enzymes, T4 DNA ligase, and alkaline phosphatase were purchased 
from Gibco-BRL (Gaithersburg, MD) or New England Biolabs (Beverly, MA). Various 
chemicals and amino acids were purchased from Sigma Chemical Co. (St. Louis, MO) or 
Fisher Scientific (Fairlawn, NJ). 
CONSTRUCTION OF RG60 
Construction offtsE::kan\ knockout strain RG60 was as follows: plasmid pFtsYEX9, 
containing the ftsYEX operon and ORF4 (4), was digested with Seal and Stul. The resulting 
4.9 kilobase (kb) fragment was ligated to a 1.4 kb spectinomycin/streptomycin (str/spc) 
resistance cassette, resulting in plasmid pFts'YEXSp. Making use of a unique Mlul 
restriction site in pFts'YEXSp 201 base pairs (bp) downstream of the start of the ftsE gene, a 
1.5 kb cassette {Mlul ends) encoding kanamycin resistance (ton) was ligated in ftsE. The 
orientation of the cassette was determined by restriction digestion to be opposite to the 
direction of transcription. SocII digestion of pFts'YEXSp resulted in a 2.8 kb fragment that 
was ligated to a 5.8 kb fragment of the original pFtsYEX9. Restriction digestion confirmed 
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that the orientation of the 2.8 kb fragment restored the entire ftsYEX operon with the 
kanamycin insertion and ORF4. The 6.0 kb ///ndlll fragment of this plasmid, 
pFtsYE::KanX, was ligated into the ///ndlll site of pTSA29 (12), resulting in an ampicillin-
resistant plasmid with a temperature-sensitive origin of replication (Figure 2-1). Using in 
vivo allelic exchange (8) theftsEv.kanX allele was exchanged onto the chromosome (Figure 
2-2), confirmed with PGR, and transduced into wild-type strain MG1655 using PI 
transduction. This strain was then made recA by a PI transduction according to Miller (11) 
of the recA ::Tn\Q allele from CSH126 (confirmed by observing enhanced sensitivity to UV 
radiation) resulting in the completed strain, RG60. 
VIABILITY ASSAYS 
Strain RG60 grows on LB medium both without NaCl and 1% NaCl at the permissive 
temperature of 30°C. At 42°C, RG60 is viable on 1% NaCl LB, but not 0% NaCl LB. To 
study the effects of different salts on growth, RG60 was cultured at 37°C in 1% NaCl LB 
broth, back-diluted in 0% NaCl LB broth and added to 0% NaCl top agar. Sterile 1/2-inch 
analytical paper discs (Schleicher & Schuell) were applied to the surface of the cooled agar. 
Saturated salt solutions (50 |il) were spotted onto the paper disc. The plates were incubated 
at 42°C for 16 hours. The diameters of growth surrounding the discs were measured. 
Saturated sucrose, 80% glycerol, 0.1 M glycine betaine, 4.6% proline, 18.7% glutamate and 
14.6% glutamine solutions were also assessed in this way for rescue of the growth of RG60 
under restrictive conditions. 
NaCl gradient plates were made by using Falcon INTEGRID™ Petri dishes (100 x 15 
mm style) with a wedge of 1% NaCl LB (30mL) poured with the one edge of the bottom 
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plate propped at an angle. After this portion solidified, the plate was leveled and 30mL of 
0% LB was poured and allowed to harden. After sufficient drying, cultures were added and 
incubated at the 42°C. 
SDS-PAGE ELECTROPHORESIS, AMINO ACID SEQUENCING 
Cultures under the various conditions were grown to an ODmo of 0.5, harvested, and 
lysed using a freeze-thaw method and sonication according to published protocols. Protein 
samples were analyzed by electrophoresis through a 12% SDS-polyacrylamide gel visualized 
by Coomassie Blue staining according to standard protocols. 
Proteins were subjected to SDS-PAGE electrophoresis, transferred to Sequi-Blot ™ 
PVDF membrane (10x15 cm) (0.2 mm) (Hercules, CA) using Semidry Electroblotter (Owl, 
Portsmouth, NH), stained with Coomassie blue, and the bands of interest excised. These 
proteins were N-terminal sequenced at the Iowa State University Protein Facility. 
GENOMIC PLASMID LIBRARY CONSTRUCTION 
Genomic DNA from MG1655 was isolated, partially digested with &n*3Al, and size-
fractionated by sucrose gradients all according to standard protocols (16). Fragments of the 
desirable size were then ligated into pUC19 or pBR322 BamHl, digested and 
dephosphorylated (16). 
RESULTS 
CONSTRUCTION OF AN FTSE NULL MUTANT 
Construction and initial characterization of the £. coli mutant FJP4 (ftsYE::kanX; 
pAmp^JkyEX) (13) revealed that the strain was viable even without a complementing 
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copy offtsE and ftsX. As predicted, this mutant did reveal the essentiality offtsY. The 
finding that ftsE and ftsX were not essential was contrary to years of published literature. To 
further investigate this observation, a null mutant offtsE, fisE::kan\y was constructed by 
allelic exchange using a temperature-sensitive plasmid (7). To construct this plasmid, we 
took advantage of a unique Mlul restriction site in the middle of ftsE where a kanamycin-
resistant cassette could be inserted to inactivate the ftsE gene (Figure 2-1). This 
conditionally-replicating plasmid was then used to place the null allele ftsEv.kanX onto the E. 
coli chromosome using in vivo allelic exchange (8) (Figure 2-2). This was initially 
performed in strain MC4100, however, it was later discovered this often-used E. coli strain 
was itself temperature-sensitive on low /no salt LB (see Appendix A). The ftsE::kan\ allele 
was subsequently moved via PI transduction to wild-type E. coli strain, MG1655, creating 
RG60. 
True to the nomenclature, this fis mutant strain, RG60, displayed the classic 
conditional filamentation temperature-sensitive phenotype (Figure 1-4). After detailed 
review of previous investigations of ftsE, the discrepant reports concerning the essential 
nature offtsE and ftsX were found to be due to a small, but extremely important difference in 
growth conditions used in these investigations. Previous investigators had used nutrient 
broth/agar growth medium with a lower NaCl concentration than the Miller LB (11) used in 
our laboratory. When grown on Miller LB tftsE and ftsX were not essential for viability 
(Figure 2-3). 
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Figure 2-1. Construction of RG60. A Scal-S/ul fragment containing an Mlul site in ORF4 was removed from pFtsYEX9 (a) and replaced 
by a Str/Spc- resistance cassette for selection (b). A now-unique Mlul site in ftsE (c) was used to insert a kanamycin- resistance cassette 
with Mlul ends to inactivate ftsE (d). This ftsE::kan feature was removed as a Sacll fragment 5) and used to replace the corresponding 
SocII fragment in pFtsYEX9 (f), restoring the original operon with ftsE insertionally inactivated by a kanamycin-resistance cassette. 
HindlU 
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Figure 2-2. Construction of RG60 continued. A HindlU fragment containing ORF4 and the ftsYEX operon was excised from the 
pFtsYE::kanX plasmid (g) and ligated into pTSA29 temperature-sensitive vector (h). This plasmid was transformed into wild-type E. coli 
and incubated at 42°C causing the TS ori to cease replication (i). When grown on ampicillin medium, the plasmid must integrate into the 
chromosome to express ampicillin-resistance (j). When this integrated strain is returned to 30°C, the TS ori becomes active, the plasmid 
resolves either as the original plasmid or with the alleles exchanged between the plasmid and chromosome (k). Chromosomal sequences 
are shown in blue, active TS ori shown in yellow, inactive TS ori shown in red. 
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SALT RESCUE OF RG60 
Growth of RG60 in 1% NaCl LB medium at 42°C resulted in a filamented cellular 
morphology, but the temperature-sensitivity was ameliorated to the degree the strain was 
viable. While cells exhibited a moderate, mixed elongation at 30°C, the filamentation was 
exacerbated at 42°C (Figure 2-4). In clarification of a previous report (1), RG60 was viable 
at 30°C in both 0% and 1% NaCl LB and exhibited mixed wild-type cell morphology with 
some moderate filamentation. At 42°C, a decrease in concentration of NaCl resulted in an 
increase in filamentation culminating in cell death between 0.5% and 0.6% NaCl (data not 
shown). It should be noted, given the opposite orientation of the kanamycin-resistance 
cassette in ftsE and the polar nature of insertion mutations in opérons, the reported results for 
this strain are most likely a combinational effect of the knock-out offtsE and ftsX. 
With the precedent of salt-rescue originally reported by Ricard and Hirota in the late 
1960 s (15) and fully detailed in the studies of temperature-sensitive auxotrophs of 
Salmonella in 1979 (10), the effects of a wide array of compounds on the ftsEnkanl null 
mutant were examined (Figure 2-5). While salts in addition to NaCl also rescued this 
mutant, no pattern of rescue with respect to monovalent vs. divalent ions emerged from this 
study. It was apparent, however, that osmolytes, such as glycerol or sucrose, do not affect 
rescue. 
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Figure 2-3. Salt-dependent, temperature-sensitivity of RG60. When incubated at the 
restrictive temperature of 42°C on 1% NaCl LB agar (A) RG60 (upper right) grows normally 
as do two other wild-type strains streaked in the other two sections of this plate. At 42°C on 
0% NaCl LB agar (B), the wild-type strains grow well while RG60 (upper right) is not 
viable. 
Figure 2-4. Effects of NaCl on the growth and filamentation of RG60. An LB agar plate 
containing a gradient of NaCl from 1% at the top to 0% at the bottom (A) only supports 
growth of RG60 in the saltier portion. Cell morphology from the 1% area is nearly normal 
(B), while cells from the edge of viability are extremely filamented (200X) (C). 
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Figure 2-5. Example of disc assay for viability of RG60. 0% LB agar plates were spread 
with RG60 and incubated at 42°C with saturated concentrations of various compounds 
applied to sterile discs, including NH4CI (top); (NRO2HPO4 (bottom left); (NHO2SO4 
(bottom right). These plates were examined to determine the presence and extent of growth 
around the discs, in this example holding ammonia compounds, that rescue RG60. 
Neither was viability restored by amino acids important in osmoregulation such as 
glutamate, glutamine, or proline, or the compatible solute, glycine betaine, implying that the 
various effects of turgor alone on cell membranes were not responsible for the rescue of 
RG60 (Table 2-1). As an assessment of membrane integrity of this mutant, the sensitivity of 
RG60 was compared to that of the wild-type MG1655 when exposed to SDS and 
deoxycholate. The mutant was no more sensitive to these membrane challenges than its 
parent strain. Likewise, RG60 did not exhibit higher sensitivity to any antibiotics that its 
parent strain, MG1655 (data not shown). 
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Table 2-1. Results of disc assays of RG60. Using disc assays as described above, the 
following compounds were found to rescue RG60 incubated at 42°C on 0% NaCl LB agar 
plates. Viability was assessed by growth around the saturated disc. 
COMPOUNDS VIABILITY 
NaCl + 
NaHcPO, + 
NB2S04H20 + 
KC1 + 
KH2PO4 + 
K2SO4 -
(NRi)Cl + 
(NH^HPO, + 
(NH4)2S04 + 
MgCb + 
MgS04 -
CaCh + 
CsCl + 
LiCb + 
MnCi2 -
glycerol -
sucrose -
glycine betaine -
glutamate -
glutamine -
proline -
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Figure 2-6. Overexpression offtsEX in DH5a. Filamentation of wild-type strain 
DH5a upon the overexpression offtsEX incubated in 1% NaCl LB broth at 37°C (Nomarski 
microscopy, differential-interference-contrast image, 200X). 
OVEREXPRESSION OF FTSEX 
Interestingly, overexpression offtsEX also caused filamentation in DHSa, a strain 
normally with wild-type cell morphology (Figure 2-6). Overexpression of these two genes 
was accomplished by placing ftsEX under the control of the exogenous arabinose promoter 
in the vector, pBAD 18 (7). In this way, the addition of 0.2% arabinose to the growth 
medium induced high levels of expression of these two proteins. It was clear that an excess 
of these two proteins disrupts the cell division process. 
PROTEIN PROFILES OF AN FTSE MUTANT 
In an attempt to better understand the physiological changes taking place in RG60 in 
comparison with the wild-type MG1655 background strain, an assessment of the total protein 
profiles of these strains was made under various temperature and salt conditions. Denaturing 
SDS-PAGE gels of total proteins harvested at 30°C, 37°C, and 42°C revealed obvious 
differences in two very prominent gene products between the mutant and wild-type strains. 
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Amino-terminal sequencing identified these proteins as tryptophanase, the product of the 
tnaA gene and isocitrate lyase, encoded by ace A. At all temperatures and salt concentrations, 
these two proteins (migrating at 50 kD and 48 kD respectively on SDS-PAGE gels) were the 
two most prominent bands in the MG1655 profile. 
While RG60 grown at the 30°C in 0% NaCl is missing tryptophanase and isocitrate 
lyase, growth in normal 1% NaCl showed these prominent protein bands seemingly at the 
wild-type levels (Figure!-?). However, at the restrictive temperature of 42°C additional 
NaCl did not restore these proteins to the mutant profile (Figure 2-8). The presence of these 
proteins at the intermediate temperature of 37°C does seem to be dependent on the 
concentration of salt (Figure 2-9). It must be emphasized that the presence of tryptophanase 
and isocitrate lyase is dependent upon the concentration of salt in the growth medium of the 
ftsE::kan\ null mutant at the temperatures of 30°C and 37°C, but not at 42°C where added 
amounts of NaCl do not restore these proteins. Since there is no FtsE or FtsX in this null 
mutant under any circumstances, it must the effect(s) of salt on the physiology of the cell 
which obviates the need for FtsE and FtsX. This, of course, is a similar situation to the 
restoration of growth at the restrictive temperature of 42°C, although not identical. The 
presence or absence of tryptophanase and isocitrate lyase in RG60 grown at 30°C, 37°C, and 
42°C with and without NaCl in the growth medium does not correspond to viability under 
these conditions. 
What insights do these observations lend to the function offtsE in E. coin Recent 
surveys of gene expression in MG1655 under differing conditions using 2-D gel 
electrophoresis lend an appreciation for the magnitude and complexity of the response of £ 
coli to any given condition (17). For unknown reasons, isocitrate lyase, a component of the 
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tryptophanase 
isocitrate 
lyase 
Figure 2-7. SDS-PAGE gel of whole protein extracts of RG60 and MG1655 grown at 30°C. 
When grown under permissive conditions, tryptophanase and isocitrate lyase are present at 
wild-type levels in the protein profile of RG60 when grown in 1% NaCl LB broth (A) and 
absent when grown in 0% NaCl LB broth (B). Wild-type MG1655 expresses both these 
proteins at high levels at 30°C when grown in both 0% (C) and 1% (D) LB broth. 
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1% 0% 1% 0% 1% 0.6% 
Figure 2-8. SDS-PAGE gel of whole protein extracts of wild-type MG1655 and ftsE::kan\ 
null mutant RG60 grown at 30°C and 42°C with percentage of NaCl in LB growth medium. 
When grown under permissive conditions, tryptophanase (A) and isocitrate lyase (B) are 
present at wild-type levels in the protein profile of RG60 when grown in 1% NaCl LB broth 
and absent when grown in 0% NaCl LB broth. When grown under restrictive conditions, 
tryptophanase and isocitrate lyase are present in the protein profile of MG1655 when grown 
in 0% and 1% NaCl LB broth. Under this restrictive temperature, both proteins are absent 
when grown in 1% NaCl LB broth and in 0.6% NaCl broth, which represents the lowest salt 
concentation that supports growth of this mutant at 42°C. 
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Figure 2-9. SDS-PAGE gel of whole protein extract of fisE::kanl null mutant RG60 grown 
at 37°C with various percentages of NaCl in LB growth medium. When grown under 
permissive conditions, tryptophanase (A) and isocitrate lyase (B) are present at wild-type 
levels in the protein profile of RG60 when grown in 1% NaCl LB broth and absent when 
grown in 0% NaCl LB broth. Under the restrictive temperature, both proteins are absent 
when grown in 1% NaCl LB broth and in 0.6% NaCl broth, which represents the lowest salt 
concentration that supports growth of this mutant at 42°C. At the intermediate temperature 
of 37°C, NaCl is required for the presence of these proteins in RG60. 
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TCA glyoxylate shunt, and tryptophanase, functioning in the catabolism of an amino acid, 
were reported to be the two most highly expressed proteins when E. coli was grown under 
aerobic alkaline conditions (17). This observation, in conjunction with reports of potassium 
pump defects in an ftsE mutant, led to the parsimonious hypothesis that perhaps the 
intracellular pH of RG60 is more acidic than wild-type. Consequently, attempts were made 
to assess the state of the cytoplasmic pH indirectly in RG60. The resistance or sensitivity to 
exogenous methylglyoxal can provide an indirect assessment of the cytoplasmic pH of a cell 
(Figure 2-10) (3). The experimental conditions necessary for this assay included the ability 
of the strain to form colonies on minimal potassium agar plates. Unfortunately, growth of 
RG60 under these conditions resulted in extreme filamentation of the ftsEv.kanX null mutant 
(Figure 2-11) and a failure to form colonies on the solid medium. Since growth on this 
medium is necessary for this method, the intracellular pH could not be assessed by this 
approach. 
k 
î K* 
ÎKdp 
I Kdp 
Î PH 
4 pH 
4 
î 
mcthyglyoxal 
resistance 
methyglyoxal 
resistance 
4 
t 
cell 
viability 
cell 
viahilitv 
Figure 2-10. Methylglyoxal assay for determination of intracellular pH. Potassium 
concentration inversely affects levels of Kdp which in turns changes intracellular pH. Acidic 
intracellular conditions cause resistance to exogenously added methylglyoxal increasing cell 
viability. In this way, comparative assessments of intracellular pH can be accomplished by 
exposing cells to methylglyoxal in potassium minimal broth growth medium. Samples are 
plated on potassium minimal plates and colonics are counted to determine cell viability (3). 
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Figure 2-11. Extreme filamentation of RG60 and wild-type morphology of MG1655 grown 
in potassium minimal broth, Kuo, at 37°C. Wild-type cells of MG1655 (inset) (200X) 
contrasts with the extreme filamentation of RG60 (200X) when grown in the required 
medium for performing the methylglyoxal assay as described above. This externe 
filamentation is most likely the cause of the inability of RG60 to form colonies on potassium 
minimal agar (Nomarski microscopy, differential-interference-contrast image, 200X). 
ISOLATION OF MULTICOPY SUPPRESSORS 
Often clues to the function of a gene spring from the identification of other genes that 
when overexpressed suppress the original mutant phenotype. In an attempt to isolate multi­
copy suppressors of the ftsEX mutant, I constructed gene libraries in both pUC19 and 
pBR322. RG60 was transformed with both a pBR-based MG1655 genomic library and a 
like pUC-based library (this study) to screen for transformants that could grow under 
restrictive conditions. When transformants were selected at 42°C on 0% NaCl LB plates, 
only a few colonies were isolated. In this case, growth of the ftsEv.kan\ mutant was 
supported by the complementing copy of ftsEX. Suspecting the direct plating at the 
restrictive conditions were too harsh to allow the screening for suppressors, library 
transformations were first plated at 30°C on 0% and 1% LB plates and replica-plated to 0% 
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LB plates incubated at 42°C. Although viable colonies were identified, DNA sequence 
analysis revealed the complement isolated carried ftsE and ftsX, with the PE promoter 
portion offtsY upstream of these two gene and a small portion of rpoH downstream. This 
clone was designated RGR9. 
An alternative strategy was next used by plating library transformations at 30°C on 
0% LB plates and isolating the fastest growing colonies. This approach yielded four clones 
that, upon restreaking at 42°C on 0% LB, allowed the growth of RG60 under restrictive 
conditions. Again, DNA sequence analysis revealed one clone encoded a complement with 
the same sequence as isolated previously plus some downstream genes. Interestingly, the 
other clones all encoded a variety of ABC transporters, a sodium symporter, and several 
genes involved in murein synthesis (Table 2-2). Although these clones await subcloning to 
assess the effect of individual genes, the preponderance of transporter genes in these 
multicopy suppressors is intriguing. 
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Table 2-2. Multicopy plasmids shown to reverse mutant phenotype of RG60. Clone E6 
represents the isolation of a genetic complement (ftsEX), while others encode suppressors. 
GENES ON 
CLONE J6 
PRODUCT 
vhdH ? 
accB acteyl-CoA 
carboxylase, 
cofactor 
biosynthesis 
yhdT ? 
panF sodium 
pantothenate 
symporter 
prmA ribosomal 
protein 
GENES ON 
CLONE E6 
PRODUCT 
ftsY 5' portion of 
SRP receptor 
ftsE putative ABC 
transporter 
ftsX putative ABC 
transporter 
rpoH heat shock 
regulator 
livJ ABC 
transporter 
yhhK putative 
acyitransferase 
HvK ABC 
transporter 
GENES ON 
CLONE A2 
PRODUCT 
ytfS putative 
ABC 
transporter 
ytfF ABC 
transporter 
yifF putative 
ABC 
transporter 
resembling 
ftsX 
Jbp fructose 
bisphosphate 
yjjo mure in 
synthesis 
viz*' 5' portion of 
ABC 
transporter 
resembling 
ftsE 
GENES ON 
CLONE D5 
PRODUCT 
acrD multidrug 
efflux pump 
XffB conserved 
thioredoxin-
like protein 
dapE murein 
synthesis 
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DISCUSSION 
Reverse genetics is the approach of targeting a specific gene with mutagenesis and 
characterizing the ensuing phenotype. In this way, the function of the gene of interest can be 
investigated. While the phenomenon of salt-rescue of mutant protein is fairly wide-spread, it 
is less common in null mutants. Possible means for the salt-rescue of mutant proteins 
include the effect of salts on the fidelity of the translational machinery producing a 
phenotypically wild-type protein from mutant code. Another possible action of salt is on the 
mutant protein itself, stabilizing it, altering its conformation, or protecting it from 
degradation (10). However, none of these putative actions is applicable to a null mutation in 
which no gene product is produced. The explanations for salt rescue in the case of a null 
mutant include changes in the turgor of the cell due to osmotic effects or the possibility the 
gene product itself is unnecessary under higher salt conditions (10). The latter is an 
especially appealing hypothesis given the membership of FtsE in the ABC transporter family 
and the localization of FtsE anchored to the cytoplasmic surface of the inner membrane by 
FtsX. The types of salts that rescue RG60 do not form any discernible pattern, although the 
failure of a change in turgor alone brought about by osmolytes such as glycerol or sucrose to 
rescue this mutant was apparent 
It is interesting that two of the three original Ricard and Hirota temperature-sensitive 
mutants offtsE were rescued at different NaCl levels and one not at all, yet a null mutant is 
rescued. The most-studied mutant offtsE, MFTl 181, is salt-independent, and carries a serine 
to proline at residue 135. This argues against this particular portion offisE being responsible 
for the salt-dependent or independent phenotype. It would be interesting to know the nature 
of the lesions of the other two Ricard and Hirota mutants with respect to downstream ftsX. 
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Given the polar nature of the operon and the suggestion that ftsX is responsible for the 
filamentation phenotype (1), the roles offtsE and ftsX should be studied further. Precise and 
complete deletions of the individual ftsE and ftsX genes could not be exchanged onto the 
chromosome despite repeated attempts with multiple methods. One can envision a scenario 
in which ftsX is actually responsible for salt-dependence especially given its inner membrane 
location. However, when compared to wild-type MG1655 the null mutant ftsE.:kan\ and 
hence ftsX, was not sensitive to membrane challenges by SDS and deoxycholate, implying 
the inner membrane is intact 
It should be noted that differences are observed in the growth of RG60 that indicate 
this mutant encounters some difficulties growing on solid agar vs. broth. The choice of 
background strain is very important when examining temperature-sensitive salt dependence 
as many commonly used E. coli strains are themselves temperature-sensitive on 0% LB, 
including multiple isolates of MC4100 received from the American Type Culture Collection 
(ATCC) (see Appendix A). MG1655 is viable under all salt conditions tested. 
The presence of high amounts of tryptophanase and isocitrate lyase in the MG1655 
protein profile when grown under neutral pH conditions permits several possible 
explanations. It is known that these are the two most abundant proteins in MG1655 when 
grown under aerobic alkaline conditions (17), but for unknown reasons. However, as more 
information is gathered about global gene expression, a plausible explanation may be 
forthcoming. For example, aceA is highly expressed in exponential and transition growth 
phases in minimal medium, as is tryptophanase in exponential growth in LB medium (20). 
Perhaps when the wild state is better understood, the absence of these proteins in the mutant 
phenotype will provide insight into the physiological state of RG60. 
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The intracellular pH of the ftsEv.kanX mutant may be key to unraveling the function 
of this gene. However, the inability of the extremely filamented RG60 to form colonies on 
potassium minimal medium precludes the indirect assessment of the cytoplasmic pH. With 
the failure of ftsE mutants to move potassium through normal pumps and the interrelatedness 
of intracellular potassium concentrations to pH, it is highly conceivable that just such a 
pervasive disruption is responsible for cell division defects. More robust biochemical or 
physiological methods must be used for determining the state of intracellular pH. 
The gene products offtsE and ftsX appear to be essential only under conditions of low 
salt in the growth medium. With the addition of NaCl and various other salts, viability is 
restored to this mutant at the restrictive growth temperature for fis mutants. While growth is 
restored, cell division is not. With higher temperature and lower salt, this filamentation 
phenotype becomes exacerbated. Additionally, the null mutantftsE::kanl exhibits a 
pleiotropic phenotype with certain major proteins missing from the RG60 protein profile. 
Tryptophanase and isocitrate lyase are proteins that are not immediately connected to the 
phenotypes of filamentation temperature-sensitivity or salt-dependence. While the results 
reported here do not provide simple answers to the complex questions surrounding the 
ftsYEX operon, the characterization of this salt-dependent phenotype lends direction to 
further investigation of the role FtsE and FtsX may play in transport. The lack of several 
major cytosolic proteins may point to a perturbation of the intracellular pH. This defect may 
be due to the lack of insertion into the inner membrane of potassium pump proteins. These 
new results coupled with the septation frequency defect narrow the list of suspected 
substrates possibly transported by the putative FtsEX ABC transporter. 
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CHAPTER 3. 
Plasmid shuffling system for the isolation of temperature-
sensitive mutants in essential genes of Escherichia coli 
INTRODUCTION 
With the sequencing of multiple microbial genomes, much information has been 
gathered about the similarities these organisms share with each other and in many cases, the 
homologies these ancestral prokaryotes share with eukaryotes. However, knowing the 
nucleotide sequence of a genome is very different than knowing the functions of the genes it 
encodes. For example, it has been estimated the function of only about half of the 4,300 
genes of the sequenced and rigorously studied £ coli are known (3). While there may indeed 
be 4,300 genes in the £. coli genome, it is estimated only about 3,800 of these genes encode 
proteins (8). Although it makes the task of discovering the function of these genes no less 
daunting, under any given growth condition there are about 1,800 proteins present in varying 
amounts in the £ coli cell (8). 
Of particular interest are genes conserved throughout biology. Furthermore, there are 
many such examples of genes that are conserved across species for which there are no 
functions proposed yet Genetic systems that address the question of function are greatly 
needed. A classic genetic approach begins with the observation of a phenotype and ends 
with the identification of the gene responsible. One of the powerful approaches to the 
investigation of gene function is reverse genetics. Here the gene of interest is selected, 
mutagenized and the ensuing phenotype characterized. In general, once a gene of interest is 
targeted, a knock-out allele is constructed in vitro, exchanged onto the chromosome by 
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homologous recombination, and the phenotype investigated. Obviously, in the case of genes 
that are essential to the viability of the organism, this approach is not feasible. Without the 
complement of the essential gene or the presence of a conditional-lethal allele under 
permissive conditions the cell is not viable. 
Conditional-lethal mutations are those in which the gene of interest is expressed 
under one condition (permissive condition) and not under the other (restrictive or 
nonpermissive condition). The variable condition may simply be temperature. For example, 
certain mutations in £. coli can be isolated that grow relatively normally at the permissive 
temperature of 30°C, but cause lethality at the higher temperature of 42°C. These mutants 
are designated temperature-sensitive (TS). It is thought that the higher temperature renders 
the TS mutant protein dysfunctional, while at 30°C it retains enough function to sustain the 
cell. 
This method can be superior to approaches in which the essential gene product is 
under the control of an exogenous promoter, which allows the expression of the gene of 
interest to simply be turned on and off based on the presence of an inducer. With the latter 
approach, one must grow such a mutant while the gene is induced, remove the inducer, and 
investigate the biology of the strain as the protein is depleted. However, the processes of 
induction and depletion themselves may have secondary, perturbing effects. For example, 
overexpression of certain proteins can be lethal and the lack of others can induce global 
responses in the cell. 
Unfortunately, the isolation of valuable TS mutants can be a tedious and time-
consuming endeavor. It is not unusual for tens of thousands of colonies to be picked and 
patched onto agar plates to be grown at the permissive condition and corresponding replicate 
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plates grown at the restrictive temperature in order to isolate a few TS mutants. Fortunately, 
the principles of the less labor-intensive plasmid shuffling techniques employed in the 
isolation of conditional-lethal mutants in yeasts (1,13), can be applied to bacteria. 
Our laboratory is interested in the genes £. coli utilizes in protein localization. E. 
coli possesses minimized components of the eukaryotic signal recognition particle (SRP) -
mediated protein localization pathway (12). In eukaryotes, the SRP system is involved in the 
export of proteins into and across the membrane of the endoplasmic reticulum (14). It has 
been shown that the E. coli SRP plays a protein export or localization role in this bacterium 
(9,13), with the details of this system currently being investigated. A newly developed 
bacterial plasmid shuffling system has been applied to the isolation of TS mutants in the E. 
coli SRP system, a long sought-after goal in the investigation of this intriguing highly 
conserved biological system. In this study ftsY, encoding the putative SRP docking protein 
homologue, as well as the remainder of the ftsYEX operon were chosen as the targets for this 
study. 
MATERIALS AND METHODS 
MEDIA, REAGENTS, GENETIC TECHNIQUES 
Bacterial growth media and antibiotic concentrations were prepared as described by 
Miller (7), with the exception of the amount of lactose added to lactose MacConkey plates 
for the screening of the Lac phenotype was 0.2% lactose instead of 1% as described by 
Miller (7). Restriction enzymes, T4 DNA ligase, and other materials were purchased from 
Gibco-BRL (Gaithersburg, MD) or New England Biolabs (Beverly, MA). Various chemicals 
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and amino acids were purchased from Sigma Chemical Co. (St. Louis, MO) or Fisher 
Scientific (Fairlawn, NJ). 
All genetic techniques were performed by standard protocols, specifically; plasmid 
transformations (5), plasmid DNA extractions (2), hydroxy lamine mutagenesis and PI 
transductions (7). 
CLONING A LAC f ALLELE 
The lacf allele was cloned from the strain CA7001 (9) by using in vivo allelic 
exchange as described by Hamilton (4). For this procedure the lacl gene carried on a pALT 
vector (Promega, Madison, WI) was interrupted by a kanamycin-resistance (kan) cassette 
inserted at an Apal site. A 2.6 kb laclv.kan £coRI fragment was excised from that vector and 
ligated into the ampicillin-resistant, temperature-sensitive cloning vector pTSA29 (10) and 
transformed into CA7001 (lacf) using selection for kanamycin, restreaked on LB plates with 
kanamycin at 42°C. At this nonpermissive temperature for the replication of 
pTSA291acI::kan, the plasmid is forced to integrate into the chromosome if the cell is to 
remain kanamycin resistant. Integration is based on homologous recombination. When 
returned to the permissive temperature of 30°C, the temperature-sensitive replicon becomes 
active and thus provides the basis of selection for recombinants in which the integrated 
plasmid has resolved from the chromosome. Plasmid DNA was extracted, transformed into 
lac* £. coli, and screened for the desired phenotype of transformants that carried the lacf 
allele on the TS vector. Transformants were identified that were Lac at the permissive 
temperature and Lac* at the restrictive temperature. Additionally, the transformants were 
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checked for kanamycin sensitivity. The laef allele was liberated from the pTSA29 derivative 
as a 1.2 kb £coRI fragment. 
SCREENING STRAIN CONSTRUCTION FOR FTSY 
To construct an E. coli strain to be used for the isolation of TS mutants offtsY, 
MC4100 was transformed with a helper plasmid, pTSA29YEX (the conditional plasmid 
mentioned above carrying the ftsYEX operon), at the permissive temperature of 30°C, to 
allow the chromosomal knock-out of fisKby PI transduction of the fisYE::kanXallele from 
FJP4 (11). This strain was then made recA by PI transduction using TnJO linked recA allele 
from strain CSH126 (7). Then F' lacproA+B+ (lacfi lacPLS) was introduced by conjugation 
into this strain from CSH100 (7). Finally, the unstable oriC plasmid, pMIPMYEX 
[pMIPMS (9) carrying JkKEJf at a unique Noll site] was introduced by transformation by 
selection for chloramphenicol resistance. This strain was then restreaked several times at 
42°C to eliminate the TS helper plasmid. 
RESULTS AND DISCUSSION 
PLASMID SHUFFLING IN E. COU 
While plasmid shuffling systems have been used extensively in yeasts, they have 
been underutilized in bacteria. The basic components are the same in that the sole essential 
copy of a gene is carried on a plasmid whose presence or absence can be easily discerned by 
the Lac phenotype. A second plasmid carrying another copy of the gene of interest that may 
or may not have been mutagenized is then introduced. The status of the unstable plasmid 
81 
then reveals the genetic state of the genes on the second plasmid. From a pool of all types of 
mutants, conditional-lethal temperature-sensitive mutants can be isolated by simply streaking 
putative mutants at permissive and restrictive temperatures. These mutants are isolated and 
characterized further. 
Plasmid shuffling provides a way to isolate temperature-sensitive mutants without 
the labor of screening tens of thousands of colonies. Moreover, the specificity of this system 
allows targeting of individual genes or even portions of those genes for mutagenesis. The 
mutagenized DNA is easily isolated with a simple plasmid extraction, retransformation, and 
selection for that plasmid on the appropriate antibiotic medium. This method was used 
successfully to isolate a TS allele of ffh (9). The wider applications of these principles could 
extend to genome-wide analysis of essential genes of unknown function. 
The basic components of this TS screening strain are the presence of a 
complementing copy offtsYEX on an unstable plasmid, the knock-out of the corresponding 
genes on the chromosome, and the introduction of a plasmid encoding /fa YEX that has been 
subjected to mutagenesis. With these features and the ability to shift conditions and screen 
for the presence of the unstable plasmid, conditional TS mutants can be screened (Figure 3-
1). 
The unstable plasmid in this case is pMIPMYEX, a minichromosome with an oriC 
origin of replication. Since this low copy number plasmid lacks any partitioning function, it 
is readily lost from a population of actively growing bacteria in the absence of selection. The 
marker for the assessment of the presence or absence of this unstable plasmid is the lacf 
superrepressor allele of the lactose operon. This particular allele renders lac* E. coli 
phenotypically Lac* providing an easily scorable phenotype. 
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ftsYEX I* 
ftsYEX* 
lacf 
Figure 3-1. Plasmid shuffling screening strain for the isolation of temperature-sensitive 
mutants offtsYEX. With ftsYEX knocked-out on the chromosome (A), the essential copy of 
these genes is supplied on an unstable plasmid, which also encodes the lac superrepressor, 
lacf (B). A second plasmid carrying ftsYEX is exposed to a chemical mutagen, 
hydroxylamine, and introduced in the screening strain (C). The target genes may or may not 
have been mutagenized. Depending upon the ability of the second plasmid to supply the 
wild-type, essential copy of ftsYEX, the presence or absence of the unstable plasmid will be 
indicated by the Lac phenotype of the resultant colonies. 
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The availability of the essential ftsY gene on the unstable plasmid allows a knock-out 
allele of ftsY to be introduced into the E. coli chromosome. With the gene of interest 
knocked-out on the chromosome, the unstable plasmid is retained because it is supplying the 
sole copy of an essential gene. This renders the strain phenotypically Lac". The strain must 
be made recA, recombination deficient, to optimize the efficiency of plasmid loss and 
preventing homologous recombination among elements. 
Next a plasmid pBR322 bearing the ftsYEX operon was exposed to hydroxy lamine 
mutagenesis and introduced into the screening strain. If the genes carry mutations that 
impair their function, the unstable plasmid will be retained with the wild-type copy and the 
strain will be phenotypically Lac. IffisYEXhavc escaped mutagenesis, then they provide the 
complementary copy of the genes obviating the need for a second wild-type copy on the 
unstable plasmid. Without this selective pressure, i.e. the necessity of essential genes, the 
plasmid is readily lost resulting in a Lac* phenotype. On lactose MacConkey plates, the Lac" 
colony is phenotypically white and Lac* colonies are bright pink or red. Therefore, colonies 
with a mutagenized copy of ftsY retain the unstable plasmid, and are white on lactose 
MacConkey plates. It is from this pool of white colonies that TS mutants will come (Figure 
3-2). 
Initial optimization and testing of this system carried out by Sei-Kyoung Park (9) 
showed the combination of MC4100, recA, F' lacproA*B with the lacPL8 promoter gave the 
most distinct difference between Lac* and Lac* colonies on the lactose MacConkey plates. 
For the best visualization of the maximum number of individual colonies, plating densities 
Figure 3-2. Representation of components and Lac phenotypes offtsYEX screening strain. 
With the chromosomal copy of ftsYEX knocked-out, the presence of the only wild-type copy 
offtsYEX (+) selects for the retention of the unstable plasmid (lacf) in the screening strain 
rendering colonies on lactose MacConkey plates Lac" (white) (A). If an unmutagenized wild-
type copy offtsYEX (+) is introduced into the strain on a second plasmid, the unstable 
plasmid can be lost, taking with it the lac superrepressor resulting in the Lac* phenotype of 
such colonies (red) on lactose MacConkey plates (B). If the introduced plasmid carries a 
mutagenized copy of ftsYEX (*), the wild-type copy of ftsYEX must be retained on the 
unstable plasmid, the lac operon is repressed, and colonies of this genotype are Lac" (C). 
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were adjusted to about 300 colonies per plate. Time of incubation is also critical and 
dependent upon individual strains and incubation temperature, with observation after 16 
hours yielding the best "readable"results. Reduction in the lactose concentration in the 
MacConkey plates extended the optimal "readable" time for these plates. 
ISOLATION OF MUTANTS BY PLASMID SHUFFLING TECHNIQUE 
To test the ftsYEX screening strain, plasmids with and without the complement were 
mixed and transformed into the strain. After incubation at 42°C on lactose MacConkey 
plates, a mixture of red and white colonies reflected the mixture of plasmid types introduced. 
However, at this point, the screening strain for ftsYEX and the equivalent screening strain 
constructed for the isolation of jfh™ mutants behaved in very different ways. Although test 
colonies in the seeding experiment formed on the lactose MacConkey plates at 42°C, upon 
restreaking onto fresh lactose MacConkey plates at 42°C, it was found the ftsYEX screening 
strain would not grow on these plates at this temperature. This was true even when the 
complement was supplied in trans. 
With the failure of this system in ftsYEX screening, another lactose-utilizing indicator 
medium was tested in an effort to avoid the apparent toxicity of MacConkey agar. The 
medium, S-Gal™ (Sigma-Aldrich Chemical Co., St. Louis MO) was used in conjunction 
with the test plasmids pCL2l(6) and pCL21 YEX (ftsYEX^) in the screening strain to do a 
seeding experiment. This combination Ailed to give any Lac (light gray) colonies when the 
mixture of plasmids was transformed, even though transformations of each plasmid 
separately yielded the appropriate Lac or Lac* (black) colonies. With this medium, the 
distinction between Lac" and Lac* was more difficult than with lactose MacConkey medium. 
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At this juncture, the fflt system had proceeded successfully as shown in work done by 
Sei-Kyoung Park (9). After the second copy of ffh had been exposed to the mutagen 
hydroxy lamine and transformed into the fflt screening strain, these transformants were plated 
on lactose MacConkey plates at 42°C and incubated as described. The Lac" colonies were 
restreaked successfully on like medium and incubated overnight at 42°C. These colonies 
represented various fflt mutants. Colonies that remained Lac" were restreaked on the same 
medium at 30°C to detect a phenotypic change to Lac*, which indicated the loss of the 
unstable plasmid at 30°C. This change in phenotype signaled expression of the introduced 
mutagenized copy of ffh allowing the loss of the unstable plasmid at the permissive 
temperature of 30°C while it had been retained at the restrictive temperature of 42°C (Figure 
3-3). These mutants, representing the first temperature-sensitive mutants offfh, were isolated 
for further characterization. 
Unfortunately, in the case offtsY, the combination of chromosomal knock-out with 
ft s Y and the downstream ftsE and ftsX supplied in trans with the high temperature incubation 
on lactose MacConkey agar proved lethal for such a strain. A possible explanation for this 
effect may have been the toxicity of bile salts at high temperature upon the engineered 
screening strain. While the ftsY screening strain was viable at the necessary 42°C on several 
other Lac indicator media, neither S-gal™ medium nor LB with varying concentrations of X-
gal (S.Y. Park, personal communication) provided the appropriate sensitivity to readily 
distinguish Lac phenotypes. Perhaps the creation of a non-polar mutation of ftsY on the 
chromosome, in which the majority offis Y is deleted with the PE promoter intact and in 
frame with the remainder of the operon would enable the screening strain to be viable at 42°C 
on the preferable lactose MacConkey agar. Regardless, as in the case of ffh, this bacterial 
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plasmid-shuffling system will prove very useful in the isolation of temperature-sensitive 
alleles in many essential E. coli genes. 
42°C 30°C 
Figure 3-3. Representation of screening for temperature-sensitive mutants using the plasmid 
shuffling system. Red and white colonies on lactose MacConkey plates at 42°C reflect a 
mixture of mutagenized (white/Lac") and unmutagenized (red/Lac*) target gene(s) (A). 
When the colonies (white) containing the mutated target gene are restreaked at 42°C and 
30°C, colonies that contain temperature-sensitive mutations will remain white on the 42°C 
(restrictive temperature) plate, but be red on the 30°C (permissive temperature) plate (B). 
This signals a return to function of the temperature-sensitive mutant at the lower temperature 
allowing the unstable plasmid to be lost. Restreaks that remain white at both temperatures 
represent mutations that are not temperature-sensitive. 
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CHAPTER 4. 
Cell division septation machinery intact in a filamented fisE 
null mutant of Escherichia coli 
INTRODUCTION 
Cell division in Escherichia coli has been intensively studied for years (1,8,10,14). 
This binary fission event involves the duplication of cellular components including the 
chromosome, the partitioning of these components, and the proper location and synthesis of 
cross-walls leading to final separation. The apparent trigger for these events seems to be cell 
volume (6). However, the biology required to sense cell size and accomplish the ensuing 
steps to cell division is far from simple. 
Most cell division genes were isolated as conditional mutants that exhibited a 
filamentation temperature-sensitive (fts) phenotype (14). Cells with this mutant phenotype 
displayed relatively normal growth and cell morphology at the permissive temperature of 
30°C, but filamented and died at the restrictive temperature of 42°C. Many of these fts genes 
mapped to a morphogene cluster at 2-minutes on the E. coli map, but the identification of 
ftsE at 76-minutes directed investigators to the fisYEX operon (8). 
Septation is initiated soon after the chromosome is replicated and when the cell 
reaches a fixed length of two unit lengths (7). The FtsZ protein forms a contractile ring at 
mid-cell, but the mechanism of determining this site is unknown. A scaffold forms with other 
septation-specific proteins in which the sequence and ratio of these proteins can be important 
for normal division (1, 5,11) (Figure 1-5). FtsZ, FtsA, and ZipA localize to the division site 
independently of one another followed by FtsK, FtsQ, FtsL, FtsW, FtsI and finally FtsN (2). 
Through the use of fusions of septal proteins to the jellyfish green fluorescent protein (GFP), 
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it is possible to observe the localization of such fusions in the E. coli cell. The use of such 
GFP fusions in an ftsE null mutant may elucidate the possible participation of FtsE in the 
event of septation. 
While the proteins encoded at 2-minutes on the E. coli chromosome in an operon 
seem to be the primary factors in cell division, the genes of the ftsYEX operon have long been 
described as essential cell division genes based on their filamentation temperature-sensitive 
phenotype. Mutations in ftsQAZ,ftsI (PBP3), and envA cause blocks in cell division at 
various stages in the process as do mutations in ftsE. Mutants oiftsE were among the first 
cell division mutants isolated along with proven cell division genes that map to the 2-minute 
morphogene cluster on the E. coli map (14). The ftsE and ftsX gene products are thought to 
form an ATP-binding cassette (ABC) transporter (9) in the inner membrane(4), although the 
substrate is unknown. 
RG60, the null mutant ftsE:.kan\, displays the classic fts phenotype under 
conditions of low salt (Figure 4-2). Under higher salt conditions, such as 1% NaCl LB 
medium, this mutant is viable at the restrictive temperature of 42°C (4). This mutant can 
exhibit extreme filamentation exacerbated by high temperature and low salt. Microscopic 
studies along with the use of GFP fusions should prove valuable in detailing the morphology 
of RG60 and the assembly of septal proteins under various conditions. 
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Figure 4-1. Filamentation temperature-sensitive phenotype offtsE null mutant, RG60. 
When grown at 42°C, 1% NaCl LB medium, RG60 exhibits extreme filamentation with 
infrequent septation. Bar in lower right corner is approximately 2 }im in length. The 
differential-interference-contrast image was captured using Nomarski microscopy (400X). 
MATERIALS AND METHODS 
MEDIA AND REAGENTS 
Bacterial growth media and antibiotic concentrations were prepared as described by 
Miller (12), with the exception of the concentration of lactose in the lactose MacConkey 
plates was 0.2% lactose. Minimal M9 growth medium was prepared using Bacto™ M9 
minimal salts from Difco Laboratories (Detroit, MI). Restriction enzymes, T4 DNA ligase, 
and other materials were purchased from Gibco-BRL (Gaithersburg, MD) or New England 
Biolabs (Beverly, MA). Various chemicals and amino acids were purchased from Sigma 
Chemical Co. (St. Louis, MO) or Fisher Scientific (Fairlawn, NJ). 
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BACTERIAL STRAINS AND PLASMIDS 
The construction of RG60 (MG1655,>fe£::Aaytl)was described previously (4). The 
RG60 strain used in this study was recA*. The pG2zipA-gfp plasmid (pSEB103) (13) with 
the zipA-gfp fusion under ara control was provided by Dr. Joe Lutkenhaus, University of 
Kansas Medical Center. It was introduced into RG60 by transformation and expression of 
zipA-gfp was induced with arabinose as described previously (13). 
MICROSCOPY 
The following procedures were carried out at Iowa State University's Bessey 
Microscopy Facility with the assistance of Tracey M. Pepper. For the purpose of creating 
transmission electron micrographs (TEMs), MG1655 and RG60 cells grown under different 
conditions were pelleted, resuspended in 2% paraformaldehyde and 2% glutaraidehyde in 
0.1M cacodylate buffer (pH 7.2), and incubated for 24 hours at 4°C. Samples were then 
pelleted and resuspended for each subsequent buffer change. Samples were washed with 
0.1M cacodylate buffer in three times with 5 minute intervals and post-fixed in 1% osmium 
tetroxide in 0.1 M cacodylate buffer for 1 hour at room temperature. Samples were washed 
in distilled water and dehydrated using a graded ethanol series. They were infiltrated and 
embedded with EPON epoxy resin (Electron Microscopy Sciences, Ft. Washington, PA). 
Sections were made using a Reichert Ultracut S ultramicrotome (SCISCOPE Inc., Iowa City, 
IA) and a Diatome diamond knife. Sections were stained with 4% uranyl acetate in 50% 
methanol for 20 minutes followed by SATO's lead stain for 20 minutes. Images were 
captured using a JEOL 1200EX scanning transmission electron microscope (Japan Electon 
Optics Laboratories, Peabody, MA). 
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For some samples, negative staining was used for electron micrographs (EMs). Wild-
type and mutant cells were deposited onto carbon-coated Formvar coated grids for 60 
seconds, and negative stained using 1% phosphotungstic acid, pH 6.0 for 30 seconds. Images 
were captured as described above. 
Epifluorescent microscopy was used to image GFP fusion proteins. Cells were fixed 
according to protocol described by Chen et al. (3). This work was done at the Iowa State 
University's Image Analysis and Confocal Microscopy Facility under the guidance of 
Margaret Carter. Cells were examined using a the Leica TCS-NT confocal microscope 
(Leica Microsystems, Inc., Exton, PA). A filter for GFP with excitation of450 to 490nm and 
emission of M-3520 nm was used. 
RESULTS 
MICROSCOPIC EXAMINATION OF FrsEX MUTANTS 
Wild-type MG1655 and RG60 (ftsE::kan\) were imaged using a variety of different 
microscopic techniques to better understand the cell division defect of the ftsEX mutants. 
MG1655 was observed in all phases of binary fission. Even the early stages of invagination 
and constriction were visible with the aid of electron microscopy (Figure 4-2). At the 
permissive temperature of 30°C and in 1% NaCl LB, RG60 cells were of mixed length, with 
many cells both of approximately wild-type length (I pm), as well as filamented cells. 
Interestingly, these mutant cells successfully septate under these conditions, although 
apparently not as often (Figure 4-3). Among the mixed lengths of cells, constrictions and 
actual septa are present in some cells, while markedly absent in other filamented ones (Figure 
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4-4 A, B). The best evidence for successful septation in RG60 is the presence of the near 
wild-type cells, which obviously are able to undergo complete cell division 
This "mixed" phenotype can also be seen in the mutant cells grown in 0% NaCl LB at 
30°C (Figure 4-4 C). Mutant cells under these conditions continue to grow as mixed length 
cultures, although more filamentous cells are present in the 0% NaCl medium (Figure 4-5). 
It is difficult to obtain a TEM of a filamented cell in the single plane of the sectioned sample 
(Figure 4-6 A), but occasionally large portions of such cells can be composed (Figure 4-6 B). 
Close inspection of this image shows no apparent septa, with a questionable indentation 
towards the pole. When grown at 30°C in M9 minimal medium, RG60 is able to form septa 
and divide normally. All stages of septation were readily observed (Figure 4-7). The lack of 
filamentation of ftsE mutant MFT1181 in minimal medium at 42°C led Taschner et al. to 
conclude ftsE was not a true cell division gene (15). The null ftsE::kanl mutant grows well 
at 42°C in minimal medium and exhibits extreme filamentation (Figures 4-8,4-9,4-10). 
The filaments formed in minimal medium have several curious features. While 
occasionally septa were observed in some cells, twists in these long filaments can often be 
mistaken for actual cross-wall formation. It is only at a high level of magnification that these 
discontinuities are distinguishable as septa or twists. Another unusual feature seems to occur 
at the poles of the cell where the cell appears to be just sacculus with no cytoplasm, or to 
have "empty ends" (Figure 4-8). These might easily be mistaken with light microscopy 
under lower magnification for polar inclusion bodies (4). Other extreme filaments have no or 
few observable septa, but very frequently will have one empty end and many folds or creases 
in the cell envelope (Figure 4-9). Overall, the mutant phenotype of the ftsE::kanl null 
mutant is extreme filamentation at 42°C in minimal medium (Figure 4-10). Most likely the 
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extreme cell length is responsible for the actual mechanical twisting observed in these cells, 
however, it can be seen in shorter cells also (Figure 4-11). It may be difficult to distinguish 
between these twists and actual septa, especially in TEMs. While these features are not 
observed in wild-type cells grown under identical conditions, it is difficult to say whether 
they are a result of the ftsE mutation itself or are common features in all filamented cells. 
VISUALIZATION OF GFP FUSIONS 
Many investigators have hypothesized ftsE is an essential gene involved in some step 
of septation. GFP fusions to genes that are known to be involved in the dedicated, sequential 
process of septation affords the opportunity to directly visualize the location of the fusion 
proteins and to observe the progression of the assembly event at the division site in RG60. 
ZipA-GFP, one of the first septal proteins to localize to the site of division, appears to 
localize as expected in wild-type MG1655 cells (Figure 4-12 A) and in a regular way in 
RG60 filaments formed at 42°C (Figure 4-12 B). Furthermore, studies done in collaboration 
with Dr. David Weiss, University of Iowa, show that a GFP fusion with FtsN, thought to be 
the last septal protein to assemble at this complex, also appears to localize at regular intervals 
along the RG60 filament (personal communication). As the septal proteins are known to 
assemble sequentially each dependent on the presence of the one before, the implication is 
that all intermediate components are also correctly in place (2). If so, these results preclude 
the role of ftsE in the assembly of the septation machinery itself. FtsE is not a primary 
component of septation in E. coll 
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Figure 4-2. Stages of wild-type MG1655 septation. Even the early stages of invagination 
and constriction are observable in TEMs (A, B). Later stages of septation may be more 
difficult to determine in TEMs due to the plane at which the cell is sectioned C). 
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Figure 4-3. TEMs of RG60 (ftsE::kan\) successfully dividing at 30°C in 1% NaCl LB. 
When grown at the permissive temperature in Miller LB medium, RG60 cells were of mixed 
length, with many cells of wild-type length (liun) and some more elongated. This indicates 
both indirectly and directly, through microscopy, that RG60 is septating. 
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Figure 4-4. Negative-stained EMs of RG60 cell division at 30°C in 1% NaCl (A, B) and 0% 
NaCl LB (C). Under permissive conditions, the mixed cell length of RG60 indicates cell 
division is occurring and EMs confirm septa are forming (A3). Filamentation can become 
extreme and septation less frequent at 30°C in 0% NaCl LB (C). 
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Figure 4-5. TEMs of RG60 grown in 0% NaCl LB at 30°C displaying mixed morphologies. 
While cells grown under these conditions can be extremely filamented, normal morphology 
is also observed. 
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Figure 4-6. TEMs of RG60 grown in 0% NaCl LB at 30°C. TEMs of entire filamented cells 
are difficult to obtain because the technique requires sectioning that creates a single plane 
through the sample (A). Occasionally, portions of filamented cells can be composed of 
several TEM images (B) and examined for possible septa (?). 
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Figure 4-7. Negative-stained EMs of RG60 grown in M9 minimal medium at 30°C. These 
ftsE::kan\ null mutant cells exhibit normal morphology and septation at progressive stages 
(1,2,3). 
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Figure 4-8. Negative-stained EM of RG60 grown in M9 minimal medium at 42°C. These 
cells displayed various features putatively due to this mutant morphology; S = septum, T = 
twists, and EE = empty ends. It is difficult to distinguish septa and twists. Empty ends are 
observed in EMs of RG60 grown in M9 minimal medium, but are not observed in cells 
grown in LB. The cause of this feature is unknown. 
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Figure 4-9. Negative-strained EMs of RG60 grown in M9 minimal medium at 42°C showing 
various folds, twists, and empty ends. 
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Figure 4-10. Negative-stained EMs of RG60 grown in M9 minimal medium at 42°C exhibit 
extreme filamentation. RG60 cell on the right has empty ends, a possible septum or twist at 
midcell, and a constriction near the lower end of the cell. 
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Figure 4-11. Negative-stained EM of RG60 grown in M9 minimal medium at 42°C. This 
short filament (about 4X normal) shows empty ends, a twist, and a possible septum forming. 
The presence of a twist in such a short filament argues against the extreme filamentation as a 
cause, and may indicate structural defect in the RG60 sacculus. 
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B 
Figure 4-12. Epifluorescent microscopy of MG16S5 and RG60 with pZipA-GFP grown in 
1% LB at 42°C. GFP fusion to the early septal protein, ZipA, indicates the wild-type 
placement of the septal sites in MG1655 (A) and the regularly spaced location of septation 
sites in the ftsE::kan\ mutant, RG60 (B). 
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DISCUSSION 
ftsE has long been implicated in E. coli cell division, based upon the mutant 
phenotype of filamentation. Because ftsE mutants form long, mostly aseptate, cells under 
restrictive conditions, it was thought that these mutants were defective in the process of 
septation itself. However, the fisE::kan\ null mutant, RG60, readily forms septa under 
permissive conditions, but will do so but less frequently under restrictive conditions, 
approximately only 5% of that seen under permissive conditions. Thus, the lack of FtsE is 
not an impediment to septation. This is especially apparent under the permissive conditions 
of 30°C and 1% NaCl LB where the cell morphologies are of mixed lengths from wild-type 
to filamented. The lower temperature and higher salt somehow promote cell division. 
RG60 grows under restrictive conditions in M9 minimal medium forming long 
filaments. Even these cells are occasionally observed to have septa. The lack of normal 
septation frequency would suggest a shortage of a critical component of cross-wall 
formation. That critical component, however, is not the septal protein assemblage itself. 
GFP fusions to early and late proteins allow the visualization of regularly spaced potential 
septal sites in filamented, aseptate cells. These proteins assemble in a sequential manner 
implying all previous proteins have localized if the last one, FtsN, is present Moreover, 
ZipA localizes independently of the essential septal ring-former FtsZ. The septal machinery 
seems to be intact in RG60. Additionally, overexpression of ftsQAZ in RG60 rescued the 
filamentation phenotype, but not temperature-sensitivity (data not shown). The 
overexpression of these cell division genes is known to rescue other cell division defects, 
most likely through the general stimulation of additional rounds of cell division. 
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While ftsE is evidently not needed for the formation of the complex that is 
responsible for cross-wall formation, there obviously is a defect in cells lacking FtsE. 
Although other stages of cell division, such as cross-wall synthesis, may be affected by lack 
of FtsE, it is apparent that cross-walls do form in these mutants, just not as often as wild-
type. Given the likely ABC transporter function of FtsE and FtsX, it is possible that cells 
without this transporter are deficient in a component of septation that is rate-limiting. 
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Chapter 5. 
A cold-sensitive mutant of ftsX of Escherichia coli revisited 
INTRODUCTION 
Essential genes are often studied with the aid of conditional-lethal mutants. Since 
such genes are critical to the viability of the cell, a conditional-lethal mutation of an essential 
gene renders that gene product functional under one condition and dysfunctional under 
another condition. The condition that allows wild-type function is described as "permissive", 
while the condition that renders the protein dysfunctional is designated "restrictive" or 
"nonpermissive". In this way the phenotype of the essential gene may be investigated. 
Temperature-sensitive (TS) mutants are normally thought of as functional when 
grown at the permissive temperature of 30°C and nonfunctional at the restrictive temperature 
of 42°C. It is generally thought that such mutations cause a defect in the mutant protein that 
imparts thermal lability. Cold-sensitive (CS) mutants exhibit the reverse phenotype, in that 
they are viable at higher temperatures and die at lower temperatures. The basis of this 
vulnerability is usually the inability of the mutant protein to fold properly or achieve the 
conformation needed to interact with other biological components. 
The ftsYEXoperon of E. coli has been historically described as a cluster of essential 
cell division genes based their filamentation temperature-sensitive {fis) mutant phenotype. 
Mutants of this class grow relatively normally at the permissive temperature of 30°C, but 
filament and die at the restrictive temperature of 42°C. Many fts mutants were originally 
isolated in a cluster of cell division genes located at 2-minutes on the E. coli chromosome. 
The first gene in the operon,/faZ, has been shown to function in protein localization (8), and 
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ftsE and ftsX form a two-component ATP binding cassette (ABC) transporter, the substrate of 
which is unknown (2). 
In 1978, a CS mutant was isolated from the ftsYEX operon (7). The strain, JS10, 
reportedly carried a CS allele offtsE, although the authors pointed out genetic 
complementation studies were needed to confirm the locus. Later in 1986, complementation 
studies showed that the actual location of the CS mutation was in the last gene of the operon, 
ftsX (3). However, reports of JS10 as a CS mutant of ftsE still persist (4). In the following 
study ftsE and ftsX were cloned from JS10 and sequenced in an effort to confirm and clarify 
the nature and location of the CS mutation. As the only described conditional-lethal 
mutation offtsX, and being a less common cold-sensitive allele, JS10 will be valuable in the 
further characterization of the ftsYEX operon particularly as a base for the screening of 
genetic suppressors. 
MATERIALS AND METHODS 
MEDIA AND REAGENTS 
Bacterial growth media and antibiotic concentrations were prepared as described by 
Miller (5). Restriction enzymes, T4 DNA ligase were purchased from Gibco-BRL 
(Gaithersburg, MD) or New England Biolabs (Beverly, MA). Taq polymerase and various 
restriction enzymes were purchased from MBI Fermentas (Amherst, NY). Various 
chemicals and amino acids were purchased from Sigma Chemical Co. (St Louis, MO) or 
Fisher Scientific (Fairlawn, NJ). 
112 
BACTERIAL STRAINS 
JS10, "yîs£2000(Cs)" was obtained from Dr. Mary Berlyn (1) at the E. coli Genetic 
Stock Center, Yale University. JS10 contains the following mutations; araC14, leuB6, 
secA206 (aziR),JhuA23,proA180, lacZ36, tsx-61, purE42, glnV44 (AS), LAM", trpE38, 
lysA23, rpsLl09 (str*), xylA5, mtl-1, metE70, thi-l. MG1655 was used as a wild-type control 
strain in assessing the effects of temperature and NaCl concentration of the LB growth 
medium upon JS10. 
CLONING AND SEQUENCING 
PCR of JS10 was done according to standard protocols under the following 
conditions: 5 minutes at 94°C, followed by 25 cycles of 1 minute at 94°C, 1 minutes at 58°C, 
2 minutes at 72°C. The following primers were used to amplify ftsEX; EX-1,5' AAC CAT 
GOT TCG CTT TGA ACA TGT CAG CAA GGC 3'; EX-2, 5' GAA CCC GGG CGT AAA 
GTG GCG TAA ATG TTG 3'. Sigma-Genosys (The Woodlands, TX) primers were used to 
amplify ftsX. PCR products were then ligated into pTAdv from InVitrogen, Inc. (Carlsbad, 
CA) and confirmed by restriction digestion. Primer synthesis and DNA sequencing were 
done at Iowa State DNA Sequencing and Synthesis Facility 
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RESULTS AND DISCUSSION 
JS10 is a CS strain that has a permissive growth temperature of 39°C and exhibits 
impaired growth at temperatures of 30°C and below. Other fis TS mutants filament and die 
when grown at the high restrictive temperature, as does this CS mutant at its low restrictive 
temperature (Figure 5-1). It was noted that while this filamentation was observed in 
overnight growth, plates older than this showed more wild-type cell morphology. 
Additionally, the CS filamentation phenotype is more accentuated at room temperature 
(approximately 25°C) than at 30®C. Furthermore, in light of other instances of salt-rescue (2, 
6), JS10 was streaked onto 0% and 1% NaCl LB plates at 30°C and 39°C. No reversal of the 
filamentous phenotype was observed, however, (data not shown). Sequencing revealed the 
mutation was a glycine to aspartic acid change at residue 334 located in the fourth predicted 
transmembrane helix of ftsX. 
JS10 represents the only CS mutant isolated in the JisYEXoperon, and the phenotype 
of this mutant is filamentation cold-sensitive. Indicative of mutants of genes in this cluster, 
the cells filament and die at the restrictive temperature, in this case 30°C or lower. It is very 
likely that the glycine to aspartic acid change in the predicted fourth transmembrane helix of 
this integral membrane protein disrupts the function of this putative two-component ATP-
binding cassette (ABC) transporter (Figure 5-2). 
In contrast to the ftsE::kan\ null mutant, RG60 (2), the ftsX CS mutant was not 
rescued by increased concentrations of NaCl in the growth medium, while a few of the 
originally isolated CS were rescued by 10% sucrose (7). This implies that a turgor-induced 
change in the membrane allowed rescue of those mutants. Also in contrast to RG60, JS10 
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was more sensitive to deoxycholate and antibiotic than its parent strain, suggesting a 
membrane defect. 
The background strain harboring the ftsX mutation also carried an additional 17 
lesions, including a secA mutation, that requires the transduction of the ftsX mutation into a 
fresh, wild-type background strain such as MG1655. Once genetic linkage is established 
with a transducible marker, this will be possible. After the mutation is moved into MG1655 
and made recA, genomic plasmid libraries will be used to screen for possible multicopy 
suppressors. The results of this screening may prove to be very interesting, given the 
difference in temperature mandated by the CS mutation as opposed to the higher temperature 
screening necessary to investigate the null mutation offtsEv.kan\. 
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Figure 5-1. Nomarski microscopy differential-interference-contrast images of JSIO (400X). 
This cold-sensitive mutant of ftsX grows normally at 39°C (upper) and filaments and dies at 
30°C (lower). 
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Figure 5-2. Predicted transmembrane domains of FtsX and the site of the cold-sensitive 
mutation. The four putative transmembrane domains are represented by cylinders, with the 
periplasmic domains at the top and cytoplasmic domains at the bottom of the figure. Residue 
334, the site in the fourth transmembrane domain of the glycine to aspartic acid mutation in 
the FtsXcs mutation is represented in red. Transmembrane topology was predicted by 
TMPRED computer program available at www.ch.embnet.org/cgi-bin/TMPRED. 
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CHAPTER 6. 
GENERAL CONCLUSIONS 
Bacterial genetics has provided the means to investigate biological systems in detail. 
One of those systems involves the genes of the ftsYEX operon. The homology of the E. coli 
ftsY gene to a component of the eukaryotic SRP protein transport system originally focused 
attention on this operon. Even though the function of FtsY as the receptor for the SRP is 
now understood, little is known about the latter two genes of the operon, ftsE and ftsX. 
Ironically, ftsE was the first of these genes mentioned in the scientific literature in the late 
1960s. 
Historically, the ftsYEX operon has been described as a cluster of essential cell 
division genes. Studies described in this dissertation and published in collaboration with the 
Dr. Joen Luirink in Amsterdam showed ftsE not to be essential when grown in growth 
medium with usual concentrations of NaCl or other salts. While it was known that ftsE was 
the smallest member of a transporter family that uses ATP for energy to move various 
compounds in and out of the cell, it was reported by this collaboration that an FtsE dimer is 
anchored to the inner membrane by FtsX. 
In addition to the fis phenotype described over thirty years ago, we have found that 
some proteins produced in wild-type E. coli are not produced in ftsE mutants. Furthermore, 
the filamentation observed in fis mutants has been described as the result of the cessation of 
cross-wall formation while elongation continues. It is clear from our microscopic studies and 
the work we have done in collaboration with Dr. David Weiss laboratory at the University of 
Iowa, that septa do form in an fisE::kan\ null mutant In fact, at permissive temperatures, 
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this null mutant offtsE is capable of septating as well as wild-type cells, if not as frequently. 
These studies indicate that FtsE does not directly participate in septation. Overall, the 
presence of septation implies chromosomal partitioning is normal, the localization of the 
early and late septal proteins indicate the septation machinery is complete, and the regular 
and frequent localization of potential division sites as evidenced by GFP gene fusions 
suggests the cell division defect is not at this stage. The cell division defect seen in ftsE 
mutants may perhaps be a secondary effect One could imagine a transport defect creating a 
shortage of a necessary material of cell division or a transport defect perturbing the normal 
environment in which these processes must take place. A CS mutant of ftsX, which we 
further characterized, may yield important new information about the roles of FtsE and FtsX 
when screened with genomic libraries for the isolation of multicopy suppressors. 
A bacterial plasmid shuffling technique developed in our lab was key in isolating the 
first fflt temperature-sensitive mutant The plasmid libraries we constructed have been very 
important in the suppressor studies mentioned above and were used to isolate a suppressor of 
the fflt temperature-sensitive mutant that shed light on the function of that gene. These 
libraries are also being used in other laboratories. While much has been accomplished, much 
remains to be done. The exact roles of the genes of the ftsYEX operon await further 
investigation through the construction of a combination of precise deletions of these genes. 
The discovery of the substrate of the FtsEX transporter will be a major contribution to this 
area. The nature of the salt rescue we have described will be another step forward. The 
answer may lie in the composition of the inner membrane. The knowledge gathered in these 
studies may well be useful in addressing the function of homologous genes in other 
organisms, many of which are pathogenic. 
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APPENDIX A. 
MC4100 and other salt-dependent, temperature-sensitive E. coli 
strains: A hidden phenotype 
An ftsE::kanl null mutation was originally constructed in wild-type E. coli strain 
MC4100 (see Chapter 2). It was discovered, however, that MC4100 itself was dependent on 
salt in the growth medium when grown at 42°C (Figure A-l). When grown at lower 
temperatures, MC4100 does not have this salt requirement (Figure A-2). Although several 
MC4100 isolates obtained from American Type Culture Collection (ATCC) exhibited the 
same phenotype, they did not exhibit filamented cell morphology when grown in 0% LB at 
42°C. It was found that salt rescue of MC4100 occurred between 0.2% - 0.3% NaCl 
concentration in LB (data not shown). This unexpected phenotype obviously ruled out this 
strain for use in studies like those done with ftsE. 
To determine if this phenotype was prevalent in E. coli, a number of strains used in 
our laboratory were tested for a salt-dependent, temperature-sensitive phenotype. This 
survey of strains revealed many displayed this phenotype as seen in MC4100 (Table A-l). 
A review of the genotypes of these strains revealed no gene(s) in common, although many 
but not all shared the rpsLlSO or an unspecified allele of rpsL, spoTl, and relAl. An rpsC 
plasmid was transformed into selected strains (TableA-1) and only one strain, CSH109, lost 
its salt-dependence at 42°C. Although various alleles of rpsL exist, PCR primers were 
designed and wild-type rpsL was cloned from MG1655 and used in an attempt to exchange 
rpsC onto the chromosome of MC4100 using in vivo allelic exchange (5). The successful 
exchange of the wild-type rpsL allele onto the chromosome was indicated by change of 
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streptinomycin resistance to streptinomycin sensitivity in the absence of plasmid. This did 
not alleviate the temperature-sensitive phenotype. Various Hfr matings were attempted to 
address the possible effects of reLAJ and spoTl, but no transconjugants reverted to wild-type 
phenotype. 
In a separate attempt to identify the responsible gene(s), MC4100 was transformed 
with multicopy genomic libraries and transformants were screened for the loss of the salt-
dependent temperature-sensitive phenotype. Two clones were found that allowed growth on 
0% NaCl LB agar plates at 42°C. The two genes, were isolated repeatedly, were lasT and 
spf. The lasT gene was named for its last location at 100 minutes on the £. coli chomosome 
map and is described as a hypothetical tRNA/rRNA methyltransferase (1). This presents the 
possibility the salt-dependent, temperature-sensitive phenotype may be the result of a 
translation defect that is lethal at high temperature without the remedial effects of NaCl, 
perhaps in conjunction with other mutations. 
The spf gene, located adjacent to polA, encodes a small 109-nucleotide RNA known 
as Spot 42 (11). When present in multiple copies, spfhas been known to increase generation 
time, although some strains of E. coli lost the ability to respond to shift from a minimal 
medium to a rich medium (9). Spot 42 RNA was not essential (6), but seemed to influence 
the level of DNA polymerase I (Pol I) activity by the action of the RNA itself, not a protein it 
encoded (10). Deletion of spf lowered the activity levels of its immediate neighbor Pol I by 
20 to 25% and overexpression of s/?/increased the activity of Pol I in general (8). 
Pol I functions in DNA repair as a DNA dependent DNA polymerase. It is possible 
that lower affected Pol I polymerase activity of MC4100 accounts for the lack of growth 
at 42°C in 0% NaCl LB. This effect could be exacerbated by an ion imbalance or some other 
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secondary effect, such as pH brought about by growth at high temperature in low or no NaCl 
medium. Alternatively, MC4100 could harbor a hidden salt-remediated mutation, perhaps in 
spf itself. This begs the question, does the multicopy spfclone simply complement a lesion 
contributing to the mutant phenotype or does the overexpression of spf suppress this 
phenotype perhaps by increasing the activity of Pol I. In an even more complex scenario, 
the salt-dependent, temperature-sensitive phenotype could be the result of the effects of 
multiple mutations, perhaps even undocumented ones. 
However, given the rescue of one strain, CSH109, by a wild-type rpsL allele, the 
causes of this salt-dependent, temperature-sensitivity may be varied and many. Regardless, 
these observations indicate that care must be taken when selecting E. coli background strains 
for use in certain types of investigations. Additionally, it is quite possible that only certain 
isolates of strains may harbor this hidden phenotype. For example, note in Table A-l that 
CSH131 and CAG12201, supposedly genetically identical strains from different sources, 
display different phenotypes. CSH131 does not exhibit salt-dependent temperature-
sensitivity, while CAG12201 is temperature-sensitive regardless of the NaCl content of the 
growth medium. 
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Figure A-l. Temperature-sensitive salt-dependence of MC4100 42°C. Plate on the left is 1% 
NaCl LB agar. Plate on the right is 0% NaCl LB agar. Both were incubated at 42°C. Wild-
type strain MG1655 is streaked on the left of each plate and MC4100 on the right of each 
plate. MG1655 grows at 42°C on both 1% and 0% NaCl LB, while MC4100 is not viable on 
the 0% NaCl plate at 42°C. 
Figure A-2. Temperature-sensitive salt-dependence of MC4100 30°C. Plate on the left is 1% 
NaCl LB agar. Plate on the right is 0% NaCl LB agar. Both were incubated at 30°C. Wild-
type strain MG1655 is streaked on the left of each plate and MC4100 on the right of each 
plate. MG1655 grows at 30°C on both 1% and 0% NaCl LB. Unlike growth at 42°C, 
MC4100 is viable on both 1% and 0% NaCl LB plate at 30°. 
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Table A-l. E. coli K-12 strains tested for salt-dependent, temperature-sensitivity. Stains 
were streaked on 0% and 1% NaCl LB agar at 42°C to determine viability. Only CSH109 
was returned to wild-type growth on 0% NaCl at 42°C with the addition of the plasmid-bome 
rpsC. Salt-dependent, temperature-sensitivity is designated (+), wild-type (-), and lack of 
viability at 42°C on both 0% and 1% NaCl is designated (TS). 
STRAIN 
SALT-DEPENDENT 
TEMPERATURE-
SENSITIVITY 
GENOTYPE 
MG1655 (4) - LAM" rph-l 
MC4I00(3) + araDM £tfargF-lac)l69 LAM" eUflhD530l fruA25 reLil rpsLUO rbsR22 deoCI 
MCI000 (2) + 
araD/39 t^ araA-leu)7697 h(codB-lacl)3 
galK16 galEI5 LAM" elf relAl rpsLISO spoTI 
mcrBl 
MC1061 (2) + 
araDl39 AfaraA-lev) 7697 ù(codB-lacl)3 
galKI6 galEIS LAM" e!4-mcrA0 relAl 
rpsL150 spoTI mcrB9999 hsdR2 
CSH109 (7) + ara &(gpt-lac)5 rpsL 
CSH119 (7) 
-
car-96::TnlO \(gpt-lac)5 cysC303 rtlAl spoTll 
metBl 
CSH120(7) - zje-2005::TnW rtlAl spoTI metBI 
CSH121 (7) + zae-502::Tt\10 ara UvJ7 &(gpt-lac)5 
CSHI22 (7) - zed-97::TnlO rtlA I spoTI lhi-1 
CSHI23 (7) - thiA::Tnl0 relAl spoTI lhi-1 
CSH124 (7) - nupC'SI l::Tal0 b(gpt4ac)5 
CSH131 (7) - thiAv.JnIOkan relA 1 spoTI 
CSH132 (7) - zed-3l2i::Tnl0kan, relAl spoTI thi-l 
CAG5051 (12) + nadA57::Tnl0 supQ80 LAM* elf rtlAl spoTI lhi-1 
CAG5052 (12) - btuB3l9l::TnlO LAM" rtlAl spoTI metBl 
CAG5053 (12) + crcA280::Tnl0 LAM rtlAl spoTI 
CAG5054(12) + trpC83::TnlO LAM" rtlAl spoTI thi-l 
CAG5055 (12) + zed-3069::Tnl0 LAM" rtlAl spoT1 thi-l 
CAG8160(12) TS thiC39::Tn!0 LAM* relAl spoTI 
C AG8209 (12) 
-
aer-3075::Tnl0 leuB6(Am) lacYl or lacZ4 
glnV44 (AS) tea1-6 LAM" rfbDl thi-l 
CAG12200 (12) - zed-3128::Tnl0kan relAl spoTI thi-l 
CAG12201 (12) TS thiC3l78::Tnl0kan LAM' rttAl spoTI 
CAG12202(12) - trpC3J93::TnI0kan LAM relAl spoTI thi-l 
CAG12203 (12) - crcA3IOS"TnlOkan LAM"relAl spoTI 
CAGI2204(I2) - btuB3192::Tnl0kan LAM*relAl spoTI metBl 
CAG 12205 (12) TS aer-3l59::Tnl0kan leuB6(Am) lac Y I or lacZ4 
alnV44 (AS) aol-6 LAM rfbDl thi-l 
CAG12206 (12) + nadA30S2::Tnl0ktm supQ80 LAM* eU relAl 
spoTI thi-l 
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APPENDIX B. 
Regulation of the ftsYEX operon of Escherichia colii The use of 
lacZ fusions to report gene expression 
INTRODUCTION 
Characterization of the potential regulatory features of the ftsYEX operon of E. coli 
was made by Gill et al. (1). DNA sequence analysis indicated that ftsYEX were oriented in 
the same direction and were likely a part of a single transcript. The authors also reported a 
two base pair gap between ftsY and ftsE and a seven base pair overlap between ftsE and ftsX 
as suggestive of "translational coupling", although no experimental proof was offered (1). In 
the ftsYEX promoter region, they reported a common feature found in operators, a region of 
tandem dyad symmetry that resembled the promoter/operator region of the trp operon (1 ). 
Also in this area was a motif that that bore "weak homology" to a Lex-box, a key bacterial 
feature of the SOS response to DNA damage (1). It is doubtful the ftsYEX operon is under 
SOS control, however (see Discussion). At the 3' end of ftsX is another region of dyad 
symmetry that may represent a region for the transcriptional termination of the operon. Also 
reported in this area are features, such as an mRNA stem-loop encompassing a translational 
start codon and a putative DnaA box, which may be involved in the regulation of a nearby 
gene(l). 
Studies in 1990 using transposon insertions confirmed the presence of a second 
promoter sequence in the 3' end offtsY allowed for the transcription offtsE and ftsX 
downstream (2). A personal communication from Neil Crickmore was cited indicating 
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preliminary evidence suggested two transcripts, one from the main PY promoter encoding a 
polycistronic message of all three genes and a second shorter message transcribed from the 
PE promoter located at the 3' end offtsY (2). 
A recent study explored the possible coordinate transcription of the ftsYEX operon 
and the downstream heat shock regulator, rpoH, which has its main PI promoter in the 3' end 
offtsX (3). Assuming the function offtsYEX was primarily cell division and that expression 
of the operon may be coupled to rpoH expression, the authors used synchronous cultures to 
look for cyclical fluctuation of transcript levels compared to the non-fluctuating rpoA (RNA 
polymerase subunit) control (3). Their results showed a low, cell cycle-independent 
transcription level offtsYEX. The authors suggested this indicated ftsYEX may function 
"cataiytically to transport proteins needed for division", since the levels of primary cell 
division proteins, namely FtsZ, vary widely over the cell division cycle (3). As compared to 
the rpoA control, it was found that rpoH, like ftsYEX, did not vary significantly over the cell 
cycle. The relative amounts of rpoA/rpoH/ftsYEX mRNA was approximately 200/20/1 (3). 
The authors conclude there is no transcriptional relationship between ftsYEX and rpoH and 
neither varied with the cell division cycle (3). 
DNA microarray studies of global gene expression in £. coli are becoming an 
important source of information about levels of transcription of genes involved in various 
growth phases and stages of responses of this bacterium to the environment. However, 
results obtained from these types of studies are sometimes ambiguous and difficult to 
interpret (4) (see Chapter 1). In an endeavor to study the regulation of the ftsYEX operon, we 
constructed a series of lacZ gene fusions to exploit this powerful, well-proven genetic tool of 
lac fusions, [reviewed in (9)]. lacZ encodes the enzyme, P-galactosidase (0-gal), which is 
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responsible for splitting the disaccharide glucose-1,4-P-D-galactoside (lactose) for use in 
carbon metabolism. An analog of lactose, o-nitrophenyl-P-D-galactopyranoside (ONPG), is 
also cleaved by P-gal yielding o-nitrophenyl, a yellow-colored compound. This creates the 
basis for one of the most sensitive enzyme assays known, able to detect P-gal activity as low 
as 0.001% of wild-type (9). 
Of especial use in the study of regulation of genes fused to lacZ is 
phenylethylthiogalactoside (tPEG), a competitive inhibitor of p-gal. By including tPEG in 
growth medium with lactose as a sole carbon source, only lacZ fusions to genes with 
increased expression levels will survive, i.e. wild-type levels of expression are deficient to 
support growth on lactose in the presence of tPEG, but gene-/acZ fusions with mutations 
causing up-regulated expression will survive. With the use of lacZ fusions to ftsY to monitor 
expression from the main Py promoter and to ftsE to examine expression of downstream 
genes from PY and PE, wild-type expression of the ftsYEX operon could be studied. 
Following chemical mutagenesis, up-regulated mutants could be isolated that would 
elucidate the nature of the opéron s regulatory elements. 
Furthermore, with the use of a genetic system for the reversible integration of the 
ftsY-lacZ and ftsE-lacZ fusions into the bacteriophage X attachment Quttt) site located at 17 
minutes on the E. coli chromosome, the expression from these promoters could be accurately 
characterized and any up-regulated mutants isolated could be retrieved for further analysis 
(7). This system is superior to other methods of chromosomal integration and has the 
advantage of the ability to easily retrieve the integrated genetic construct for further 
characterization. While plasmids can also be used as vehicles for reporter fusions, there are 
disadvantages. For example, plasmid copy number can affect the measurement of expression 
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from the reporter fusions and plasmid-bome elements themselves can influence apparent 
genetic expression (7). 
MATERIALS AND METHODS 
MEDIA AND REAGENTS 
Bacterial growth media, including lactose M9 minimal medium, and antibiotic concentrations 
were prepared as described by Miller (6). Restriction enzymes, T4 DNA ligase, and alkaline 
phosphatase were purchased from Gibco-BRL (Gaithersburg, MD) or New England Biolabs 
(Beverly, MA). Various chemicals, including X-gal, tPEG, and ONPG were purchased from 
Sigma Chemical Co. (St. Louis, MO) or Fisher Scientific (Fairlawn, NJ). 
STRAIN CONSTRUCTION 
In-frame fusions were originally created between ft s Y and lacZ fusion vector, with 
pFtsYEX9 digested with Pstl and the resulting 2.3 kb fragment ligated into 6.2 kb pLacZ2 
(5) (J. Zamoon and G. Phillips, unpublished results). The proper orientation of this fragment 
with regard to the ftsY promoter to the promoterless lacZ fragment was confirmed with 
restriction digestions. pFtsY-LacZ2 was then digested with &/I to yield two similar sized 
fragments, necessitating a further ApaLl restriction digest to rid the digestion of the unwanted 
4 kb fragment The desired 4.3 kb restriction fragment bearing the ftsY-lacZ fusion was then 
isolated using agarose gel electrophoresis. This fusion fragment was then ligated with 4.5 
kb of a Sstl digested pCDl 1PSK R6Kori Tuttt site integration vector (7) resulting in an 8.8 
kb plasmid, pCDl lSKFtsY-LacZ. This vector also carried a ColEI origin of replication for 
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convenience that was removed as a Nhel fragment previous to integration. With the help of 
the pPICK plasmid (7) the fusion was integrated into the chromosome. The ftsY-lacZ fusion 
was transduced into a fresh MC4100 background using selection for the chloramphenicol 
encoded on the integration vector. 
In the case offtsE, the fusion to pLacZ3 (5) vector was accomplished by ligating a 3.3 
kb EcoRl/Sphl fragment from pFtsYEX9 into the correct reading frame generated by a like 
digest of pLacZ3 (6.2kb). The fusions were then excised and ligated into the conditionally-
replicating vector described above designed for the site-specific integration of these fusions 
in the "Katt site in a method described in (7) (Figure B-l). pCDl lPLacZ was used to integrate 
lacZ as a control in the assessment of P-gal expression from the Xatt site. Pir* strains were 
used to replicate these R6Kori vector also as described by Piatt et al. (7). 
MC4100 was used as a background strain for these site-specific integrations (Figure 
B-2). In addition this strain was made lacY* by conjugating the F' plasmid from CSH100 in 
which lacZ was deleted (6). The selection for the transconjugants was growth on melibiose 
minimal plates with chloramphenicol (Cam) and X-gal at 39.5°C as described by Miller (6). 
This strain needed to be lacY* for the transport of lactose for the isolation of up-regulated 
mutants. 
P-GALACTOSIDASE ASSAYS 
P-galactosidase assays were performed as described by Miller (6). Assays were done 
in triplicate on all strains including control. Units of P-gal activity were calculated as 
described by Miller (6). Assays were measured in a SmartSpec 3000 (Bio-Rad Laboratories, 
Randolph, MA) spectrophotometer. 
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RôKori CAM 
Figure B-l. Plasmid, pCDl lSKFtsY-LacZ, for the site-specific integration of lacZ fusion 
into the X attachment site on the E. coli chromosome. The features of this plasmid include 
the X attachment sequence required for chromosomal integration of the plasmid {(MP) (see 
Figure B-2), a multiple cloning site (MCS), coding for chloramphenicol resistance (CAM*), 
and the conditional origin of replication that requires n protein to replicate (R6Kori). 
X 
attL CAM* 
attB 
I 
JilsY-lacZ R6Kon attR 
-IV 
Figure B-2. Site-specific integration of fisY-lacZ fusion on the E. coli chromosome (6). The conditionally-replicating 
plasmid integrates via the attP site into the chromosome (attB) when the R6Kori plasmid can not replicate. Letters A, B, C, and D 
indicate primer sites which can be used to confirm integrations with PCR reactions. 
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ISOLATION OF MUTANTS THE OVEREXPRESS THE FTSY-LACZ FUSION 
Selection for up-regulated mutants of the ftsY-lacZ fusion strain was done on lactose 
M9 minimal medium with varying concentrations of tPEG. This general approach is 
described by Riggs et al. (8). The appropriate concentration of tPEG is strain-dependent and 
a series of concentrations were examined to determine to concentration that would extinguish 
the Lac* phenotype while providing the most sensitivity indicating P-gal levels. For these 
studies, a beginning concentration of tPEG of 0.5 mM was used, although concentrations as 
low a l25|xM were also used. Surviving colonies were restreaked on like medium and 
assessed with P-gal assays. Upon the isolation of mutants, the mutations were to be isolated 
using the excision helper plasmid as described by Piatt et al. (7). 
Screening of the ftsY-lacZ fusion strain was done with a multicopy genomic library, 
described in Chapter 2 (4), for the purpose of isolating clones conferring high expression of 
the fusion. The fusion strain was also mutagenized with a Tn/0 transposon encoding 
kanamycin resistance carried on a X1316NK vehicle obtained from Dr. Mary Berlyn, at the 
E. coli genetic stock center, Yale University using the method described by Miller (6). 
RESULTS 
CHROMOSOMAL INTEGRATION OF REPORTER FUSIONS 
In the charactization of the strains expressing the JisE-lacZ gene fusion it was 
observed that the fusion proved lethal (see Discussion). However, the ftsY-lacZ and lacZ 
control integrated into the halt site, which was confirmed with PCR reactions as previously 
described (7). Briefly, this confirmation is accomplished by using two sets of PCR primers, 
one of each set anneals in the chromosomal out site and the other in the integrated portion of 
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the PCDl 1 vector so that it is only when the plasmid is integrated is a product of a certain 
size produced (7) (Figure B-2). Results of these PCR reactions showed an integrated fusion 
by the product of the left side primers A and C, but the right side primers B and D failed to 
produce a product. Additionally, a control PCR reaction with primers A and B failed to yield 
a product. The cause for this is unknown. However, a second method of confirming 
integration was used in which a PI transduction of a genetically linked marker, nadA::TtU0, 
from strain JMS19 (MC4100 nadA ::TnI 0), caused a loss of the Lac* phenotype and CamR in 
the putative fusion in 7/8 transductants. This indicated the ftsY-lacZ fusion was integrated at 
the Xa/f site. Furthermore, piasmids retrieved from the putative integrants using the pXINT 
helper plasmid (7) conferred a Lac*, CamR phenotype upon retransformation into the Lac", 
Cam5 MC4100. 
EXPRESSION OF FTSY-LACZ 
The general growth characteristics of the ftsY-lacZ fusion at the three temperatures of 
30°C, 37°C, and 42°C showed a higher ODaoo depending on the temperature with 42°C the 
highest for the first 3 hours, with the densities converging through hours 5 and 6 and 
equalizing by hour 7. The fusion strain and MC4100 showed similar growth at 37°C, with 
the fusion strain exhibiting slightly better growth at 42°C and slightly poorer growth at 30°C 
than MC4100 (data not shown). When grown in 0% and 1% NaCl LB broth at 30°C (Figure 
B-3) and at 37°C (Figure B-4) expression offisY-lacZ was always lower than the lacZ at the 
Xatt site control (attlacZ). The NaCl content of the growth medium appeared to have no 
effect on expression. The highest expression of the fusion was at 30°C, the lowest at 42°C, 
with 37°C intermediate. However, at 42°C, the fusion expression was much lower than the 
135 
attlacZ control (Figure B-5). This effect was also reported by Riggs et al. in the expression 
of a secA-lacZ fusion at 42°C, in which the authors postulated the fusion protein itself to be 
temperature-sensitive. Comparisons of the ftsY-lacZ and secA-lacZ fusions found the 
expression to parallel each other (data not shown). 
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Figure B-3. P-gal assays of attlacZ control (Z) and ftsY-lacZ fusion (YZ) in 1% NaCl LB 
(LB) and in 0% LB (NS) grown at 30°C. 
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Figure B-4. p-gal assays of attlacZ control (Z) and ftsY-lacZ fusion (YZ) in 1% NaCl LB 
(LB), in 0% LB (NS), and 0.2% NaCl LB (.2% NaCl), grown at 37°C. 
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Figure B-5. P-gal assays of attlacZ control (Z) and ftsY-lacZ fusion (YZ) in 1% NaCl LB 
(LB) and in 0% LB (NS) grown at 42°C. 
ISOLATION OF UP-REGULATED MUTANTS OF FTSYEX 
The ftsY-lacZ fusion strain was streaked heavily onto lactose minimal medium with 5 
mM and 2.5 mM tPEG. From each concentration of tPEG large "pop-up" colonies were 
restreaked on like medium. These presumably represented spontaneous up-regulated 
mutants offtsYEX. Colonies were observed on X-gal to assess stability and no sectoring was 
found. A number of P-gal assays showed higher activity in these isolates when compared to 
the native ftsY-lacZ fusion (Figure B-6). The integrated fusions were then to be excised via 
pXINT as previously described (7) for reintegration into a fresh background. The control 
attlacZ excised and retransformed well, but only three (all isolated from lower tPEG 
concentration) of the 11 putative mutants excised and transformed. Since the helper pXINT 
plasmid and the excised fusion were of similar size and not distinguishable with agarose gel 
electrophoresis, the evidence of excision was the transformation of the excised plasmid. 
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PUTATIVE HIGH ACTIVITY MUTANTS OFftsYEX 
Figure B-6. Initial P-gal activity assessment of putative mutants isolated on tPEG compared 
to the attlacZ control and the native ftsY-lacZ fusion. Cultures of 40-5 appeared to be lysed 
from unknown causes. 
However, if the nature of the mutation causing up-regulation of lacZ expression was a 
deletion eliminating a necessary portion for the plasmid to excise, the fusion plasmid would 
be irretrievable. It appeared that deletions may have occurred placing lacZ under the control 
of a stronger promoter upstream of ftsY. Additionally, two of the three recoverable fusion 
plasmids appeared to have about a 1 kb deletion upstream of ftsY, leaving only one fusion, 
40-5, with the potential point mutation in the regulatory region sought DNA sequencing 
showed no mutations in the promoter region of the operon. Despite multiple P-gal assay 
analysis, these fusions upon retransformation did not express at the initial levels seen above 
(Figure B-6). While assays were variable, generally these «transformed fusions were only 
several times that of the control (data not shown). 
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IDENTIFICATION OF REGULATORY ELEMENTS OF THE FTSYEX OPERON 
A multicopy pUC-based plasmid genomic libraiy was transformed into the ftsY-lacZ 
fusion strain in an endeavor to isolate regulatory elements that induce the expression of the 
fisYEXoperon from the PY promoter located at the 5' end offtsY. Additionally, transposon 
mutagenesis of the fusion strain was done in an attempt to identify genetic elements) that 
when knocked-out caused the operon to be derepressed. Both of these approaches were used 
in conjunction with the use of tPEG and X-gal to identify colonies in which the fusion 
protein was being highly expressed. 
In the case of the multicopy genomic library transformation, it would be expected that 
in addition to library clones that encoded P-galactosidase (lacZ) itself, the overexpression of 
other genes or regulatory elements would cause the augmented expression of the fusion 
protein. Indeed, this apparently was the case. It was very difficult to retain stable restrcaks 
of dark-blue (highly expressed ftsY-lacZ), in that upon re streaking colonies sectored 
dramatically i.e. colonies became a striking mix of white (Lac") and dark blue (Lac*) on the 
X-gal, tPEG plates. This strongly suggested the high expression of the ftsY-lacZ was toxic. 
Some, but not all colonies were composed of filamented cells. Only one preliminary putative 
regulatory mutant was isolated as a result of the transposon mutagenesis and this colony did 
not survive re streaking. 
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DISCUSSION 
Several general observations can be made from the results obtained in this study. In 
several instances it appears the lacZ fusions are toxic and/or unstable. The ftsE-lacZ fusion 
was evidently toxic as the presence of the fusion on the integration vector caused 
filamentation and proved lethal. The isolation of certain up-regulated mutants of fisY-lacZ 
exhibited dramatic sectoring of the dark-blue colonies suggesting the E. coli was genetically 
altering these mutants at a high rate to render them Lac". It was common that restreaks of 
dark blue colonies (high lac expression on X-gal) were not viable. However, it was 
alsoobserved that in stable, non-sectoring colonies the proximity of other colonies affected 
the apparent expression on X-gal. Adding to the difficulties of this aspect of these 
experiments was the sporadic, seemingly random cell lysis occurring due to unknown causes. 
It was difficult to distinguish between cell death occurring as a result of toxic fusions or 
because possible bacteriophage contamination. 
The suspected thermal instability of the FtsY-LacZ protein at 42°C, negates any 
results obtained at this temperature. At lower temperatures there appears to be no difference 
in expression between LB medium with or without NaCl. The inability to obtain mutations 
in the regulatory region of the ftsYEX operon may indicate the fidelity of this sequence is 
essential to viability, although it seemed very biologically convenient under the selective 
pressure of increased 0-gal expression for a deletion to occur resulting in high expression. 
Also, it should be noted that growth of MC4100 in 0% NaCl LB broth at 42°C did 
occur, where previously it was found MC4100 was salt-dependent at 42°C. The temperature-
sensitive salt-dependent phenotype of this strain has always been more pronounced on solid 
medium than liquid, however, the viability of this strain in this study may well have been the 
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effect of the alteration of the strain in the addition of genetic material at the Xatt site of the F* 
plasmid added make the strain LacY*. 
As a matter of record, it should be reported that experiments were done to examine 
the possible SOS regulation of the ftsYEX operon, measuring 0-gal expression after exposure 
of the ftsY-lacZ fusion to varying amounts of UV light. Unfortunately and inexplicably, two 
different "damage-inducible" (DIN) strains, GW1030, GW1040, used as controls did not 
show SOS induction after exposure to UV light The sequence upstream of the ftsYEX 
operon, CTGTGCCATGAAGCAACAG, was reported to be a putative LexA binding site 
( 1 ). In a personal communication from Dr. John Little of the University of Arizona pointed 
out while "CTG and CAG are crucial, spacing is also important". Dr. Little said he didn't 
know of a bona fide LexA binding site with spacing other than 10 and it was highly unlikely 
the sequence upstream of the ftsYEX operon is a LexA binding site. 
While there are several problems in the investigation of the regulation of the ftsYEX 
operon using lacZ fusions, several basic questions were answered. It appears at lower 
temperatures there is no difference in expression based on the NaCl concentration of the 
growth medium. These studies also show the overexpression of lacZ fusions to ftsE and ftsY 
are often detrimental to lethal, with wildly sectoring Lac*'" colonies and failure of dark blue 
colonies to restreak. Interestingly, when high expression of lacZ was required for viability of 
the ftsY-lacZ fusion strain on lactose minimal tPEG plates, it appears E. coli met this 
requirement by deleting the ftsY portion of the fusion possibly creating a new fusion with a 
highly expressed (and nontoxic) unknown gene upstream. 
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APPENDIX C. 
Biolog, Inc. Phenotype Microarray™ analysis of RG60 
metabolism 
Recently a commercial product, Biolog, Inc. Phenotype Microarray™ Kit from 
Biolog, Inc. (Hayward, CA) has become available for the physiological characterization of 
bacterial strains. This product consists of four 96-well microliter plates containing various 
carbon, nitrogen, phosphorus and sulfur sources. In order to assess unique characteristics of 
a strain, each well contains a different culture medium in addition to a proprietary 
colorimetric substance that can indicate the presence of respiration of the inoculated cells 
during the course of growth (1). If cells grow well in a certain well, that well turns purple in 
color. One of the uses for this product is to characterize an unknown mutant phenotype. In 
this way, the preliminary physiological phenotype of the null mutant offtsE::kanl, RG60, 
was examined. Carefully adjusted equal concentrations of wild-type MG1655 and RG60 
were inoculated into the microliter wells and incubated according to manufacturer's 
instructions. 
As a control, Biolog, Inc. also used MG1655 with the Phenotype Microarray™ 
system. However, in comparing our results with MG1655 with the results provided by 
Biolog, Inc., it became apparent that the MG1655 strains did not react identically in these 
tests. In fact, our results showed a reproducible difference in 20/384 wells. Upon inquiry to 
the company, Dr. Luhong He reported seeing such differences in other MG1655 strains from 
other laboratories. These discrepancies had to be taken into account in our assessment of 
RG60. For example, wells indicating a positive reaction (purple) in our MG1655 and RG60 
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were considered "correct", even though the Biolog, Inc. MG1655 control indicated a 
negative reaction. This occurred in 7/384 wells. Conversely, when our MG1655 and RG60 
agreed in a negative result and the Biolog, Inc. control was positive, we counted the negative 
result as the correct one. This occurred in 13/384 wells. 
Another anomalous category of results was positive reactions with our MG1655 and 
RG60 and Biolog, Inc.'s MG1655 in agreement with a negative reaction. This occurred in 
10/384 wells. The converse occurred in 10/384 wells for a total of20/384 instances that 
most likely represent experimental mistakes such as pipetting errors or contamination. In 
two carbon source wells, those containing lactitol and D-raffinose, RG60 showed a positive 
reaction and both MG1655 controls were negative. This might indicate a rare gain-of-
function phenotype in a null mutant, but more likely was experimental error. 
A category of results in which RG60 showed a negative reaction and both MG1655 
controls were in agreement with positive reactions, is likely to represent a true 
characterization of the mutant phenotype. RG60 showed no reaction in the carbon source 
wells containing acetic acid and 0-methyl-D-galactoside, while both wild-type controls were 
positive. No differences among the strains were found in nitrogen sources. The following 
phosphorus and sulfur source wells were negative in the mutant and positive in both MG1655 
controls; cytidine 2'-monophophate, cytidine 2'-3* cyclic monophosphate, inositol 
hexaphosphate, thymidine 3'-5' cyclic monophosphate, and D, L lipamide. 
These results represent a preliminary attempt at the further phenotypic 
characterization of RG60. Obviously, results obtained from experiments of this type must be 
shown to be repeatable. In a personal communication after a review of the preliminary 
results reported above Dr. Barry Bochner, Biolog, Inc., indicated that there appeared to be no 
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apparent pattern of defects reflected in these results. He suggested a series of phenotypic 
microarrays containing a variety of salts and pH conditions may be more appropriate for the 
ftsE mutant This latter system is currently under development 
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APPENDIX D. 
Known mutants of the ftsYEX operon of Escherichia coli 
The compilation of chromosomal mutations in Table D-l represents a complete and 
unique collection of information about the ftsYEX operon of E. coli. The earliest mutations 
in the ftsYEX operon were isolated by Ricard and Hirota and described in " Effet des sels et 
autres composés sur le phénotype de mutants thermosensibles de Escherichia coir (9) and in 
"Process of cellular division in Escherichia coli: Physiological study on thermosensitive 
mutants defective in cell division" (10). The background strain of these many filamentation 
temperature-sensitive (fis) mutants was PA3092. Of 54 mutants defective in cell division, 
67% were found to be remediated, or "rescued", by the addition of NaCl alone or/and sucrose 
and 33 % were repaired by neither (9). Of the 67%, 37% were rescued by sugar and salt 
together, 13% by sucrose alone and 15% by salt alone (9). Three of this collection of fts 
mutants were fisE mutants (9). Two of the ftsE mutants were rescued by NaCl at different 
concentrations (Table D-l) and one, MFT1181, was not rescued by NaCl at all (9,10). 
The salt-independent MFT1181 has become the standard ftsE mutant used in 
investigations over the years (Table D-l). MFT1181 and its derivatives have been used by 
Salmond and Plakidou (11), Taschner et al. (13), Gill et al. (5,6), and Ukai et al. (15). The 
only published genotype of MFT1181 appears later in a 1988 paper as such, "F ftsEl 18IÇYs) 
thyAl thr-1 leuB6 thi~l argHl hisGl trp-1 lacYl gal-6 mtl- 2 xyl-7 malAl (XR) or d-l 3 rpsL9 
fhuA2 X* supE44 fic meln (13). 
A number of in vitro hydroxylamine-generated mutants were made by Gibbs et al., 
but no ftsY mutants were isolated (4). Recently, the first mutation in fis Y has been isolated 
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(14), although a strain in which ft s Y was placed under regulation of the arabinose promoter 
for the purpose of studying the effects of depletion offis Y was previously constructed (8). 
The temperature-sensitive (TS) mutants isolated by Gibbs et al. initially were assigned to loci 
based on genetic complementation; nine mutations in ftsE, 1/9 amber nonsense mutations 
with the other eight in a region homologous to human CFTR mutations (4). Of four ftsX 
mutations, 3/4 were ambers. The ftsE mutant isolated, and several previous ftsE mutants 
including MFT1181, were sequenced (4) (Table D-l). Over all, 10,000 mutants were 
screened to isolate 28 TS mutants, with 24 producing filaments at 42°C (nine short filaments 
were rpoH-X ike, with the other 15 long filaments resembled those offtsE and ftsX) (4). The 
authors suggested they may have isolated so few ftsE amber mutations as these nonsense 
mutations may be deleterious due to the polarity of the operon or ftsE(sm in a suppressor 
strain may be biologically insufficient (4). 
The original description of JS10 (12) specified a map area of the chromosome where 
the investigators thought the lesion was located. JS10 then was described as an ftsE mutant 
(11), but was later correctly reported as an ftsX mutation (5), used in one study as an ftsX 
mutant (6) and finally sequenced to confirm the ftsX mutation (7) (see Chapter 5). OV22 
was misidentified as an ftsS mutant (11) through several publications (1,5). The correct 
locus of this mutation was later found to be ftsX (2). 
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GENE STRAIN MUTATION PHENOTYPE SOURCE 
ftsY HPT-UV70 G1U414 to Gly IMI DEFECT (14) 
ftsE MFT99 ? TS* (9) 
ftsE MFT123 ? TS* (9) 
fisE MFTU81 Proi35 to Ser (4) TS" (9) 
ftsE TOE22 GIumi to Leu (4) TS (11) 
ftsE TC35 Ile« to Ser (4) TS (11) 
ftsE LMC380 MFT1181 zhg-l::TtUO TS (13) 
ftsE LMC515 LMC500/fo£l 181(TSW-/::Tn70 TS (13) 
ftsE SGI Arg„toCys Thru to lie TS (4) 
ftsE SG10 Leuiii to Phe TS (4) 
ftsE SGU Pro,* to Ser TS (4) 
ftsE SG19 Alan* to Thr TS (4) 
ftsE SG20 Alaue to Thr TS (4) 
ftsE SG21 Arnno to His TS (4) 
ftsE SG23 Glvui to Ser TS (4) 
ftsE SG35 Arg»4 to Cys Thr*, to lie TS (4) 
ftsE ftsE(TS) ftsE1* ofMFT1181 to MG1655 TS' (15) 
ftsE RG60 ftsE::kcm\ TS* (3) 
ftsX JS10 Gly334 to Asp (7) CS' (12) 
ftsX OV32 ftsX(^ supF1* TS (5) 
ftsX OV22 ftsX (am) supFn (2) TS ( I D  
ftsX SG12 fisX (AMI TS (4) 
ftsX SG14 ftsX (AM) TS (4) 
ftsX SG27 ? TS (4) 
ftsX SG29 TS W 
Table D-l. Known mutants of the ftsYEX operon. The recently isolated HMT-UV70 
(ftsYlQ) mutant strain is defective in the insertion of proteins into the inner membrane (IMI 
DEFECT) (14). A literature citation in the mutation column indicates this information was 
available from that reference rather than the strain source. Mutants known to be rescued by 
the addition of NaCl to the growth medium are indicated with an (*), while those reported 
not be rescued by the addition of NaCl are indicated with a Q. The region in ftsE where 
most TS mutations were located, amino acid residues 135 to 156, is described as a "TS hot 
spot" (4). TS = temperature-sensitive. CS = cold-sensitive. 
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